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 Transposable elements compose a large portion of mammalian genomes and are 
estimated to make up anywhere from ~45% - ~70% of the human genome. Alu elements are 
primate-specific retrotransposons that are found in high copy number (> 1 million copies) and 
are spread throughout the genome. These elements are the most commonly repeated sequence in 
the human genome and have contributed to a number of disease states in humans. Alu elements 
are useful markers for population genetics and phylogenetics and have proven valuable in 
understanding difficult to determine relationships between species and within populations. 
 Baboons (genus Papio) are spread throughout sub-Saharan Africa and are commonly 
used in cardiovascular studies due to their physiological and anatomical similarity to humans.  
Six species compose genus Papio, all differentiated by morphological features (primarily size 
and color). While each species appears to be distinct, a number of studies report regular 
interbreeding between them. Recent work on the genome of baboons has found that they possess 
the highest rate of Alu element mobilization of any primate genome studied thus far.  
 This dissertation utilizes Alu elements that have recently inserted in the baboon genome 
to determine population structure within different baboon species. Using these elements, we are 
also able to determine if a specified individual is the product of hybridization between two 
parents from different baboon species or if they are potentially individuals that have migrated 
from their natal troop. This dissertation also examines subfamilies of Alu elements that are 
lineage-specific to baboons. These insertion events have occurred since the baboon and macaque 
lineages diverged about 8.5 million years ago. Over 100 novel Alu subfamilies were uncovered 
during these experiments, supporting the work of the baboon genome consortium, which found 




 This work on a model organism for cardiovascular disease continues to expand our 






















Chapter One: Background 
Transposable elements are regions of DNA that can mobilize from one location in the 
genome to a new location in the genome. These elements were discovered by Barbara 
McClintock while examining corn kernel color variation. She found a system of activators and 
dissociators to be responsible for the movement of these elements, and this movement was the 
underlying cause of the color variation that had been observed (McClintock 1950). These 
discoveries were made in the 1940s and published throughout the next several years, with 
McClintock eventually receiving the Nobel Prize for her work. Her discoveries brought forth 
many questions and led to the development of what is now an exciting field of research in 
genetics.  
Transposable elements have been referred to by many terms, including: mobile elements, 
transposons, and junk DNA. Regardless of the term used, these elements compose a large portion 
of the genome, ranging from early estimates of about 45% (Lander, et al. 2001), to more recent 
estimates that incorporate older and decayed elements that suggest up to 70% (de Koning, et al. 
2011) of the human genome may be mobile elements. While most mobile elements are not 
known to serve a particular function in the genome, they are a source of genetic variation within 
species and populations. 
These elements can be divided into two broad classes: DNA transposons and 
retrotransposons. Retrotransposons are considered class I elements and utilize an RNA 
intermediate to move a copy of the element to a new location in the genome (copy and paste 
mechanism). These elements are active in several mammalian lineages, and potentially have 
roles in genetic diversity, genome instability, phenotypic diversity, and stress response (Clark, et 




are termed class II elements and mobilize via excision from the genome, followed by reinsertion 
into a new genomic location, leaving only one copy (cut and paste mechanism). In humans and 
baboons (along with several other primates), these DNA transposons are no longer active. 
Though they still make up 3% of the genome, they are not the focus of this dissertation. 
Retrotransposons can be divided based on the presence or absence of a long terminal 
repeat (LTR) region. In humans, an example of elements with this region present are classified as 
endogenous retroviruses (HERV). There is some evidence that HERVs have been active in 
recent history, with work supporting the recent activity of HERV-K (Mills, et al. 2007). 
Elements lacking LTR regions can be further broken down based on their ability to mobilize. 
Autonomous elements are capable of encoding all of the molecular machinery required for their 
mobilization while non-autonomous elements are reliant upon autonomous elements and their 
mechanisms for movement. In the genome of primates, LINE-1 elements (L1s) are the 
autonomous retrotransposon responsible for their own movement as well as the movement of the 
non-autonomous elements. L1s have two open reading frames (ORFs) which encode the proteins 
required for their movement. ORF1 is responsible for coding an RNA binding protein while 
ORF2 encodes a protein with both endonuclease and reverse transcriptase activity (Reviewed in 
Cordaux and Batzer 2009). L1s make up a significant portion of the genome (~17%), making 
them the most successful retrotransposon by mass in the genome. Though these elements are 
important in genomic variation and disease, the non-autonomous retrotransposons that they drive 
are the focus of this dissertation. 
Through the primate lineage, there are many active families of non-autonomous 
retrotransposons spread throughout the genome. Though they are incapable of moving without 




a number of non-autonomous retrotransposons that have been identified including LAVA 
elements, SVA elements, and Alu elements (Carbone, et al. 2012; Konkel, et al. 2010; Meyer, et 
al. 2016; Wang, et al. 2005). Of these, the most recently active and widespread retrotransposons 
in humans are SVA elements and Alu elements. SVA elements are a composite retrotransposon, 
named after each of its parts (SINE, variable number tandem repeat (VNTR), and Alu), and are 
only found in the genome of hominids (Wang et al, 2005). SVA elements have spread through 
the hominid lineage only recently, with about 3,000 copies in the human genome. Alu elements 
are a family of retrotransposons that are present in high copy number in the human genome and 
are specific to primates (Cordaux and Batzer 2009; Konkel, et al. 2010), remaining active over 
the last 60 million years. With over 1 million copies in the human genome, they are the most 
successful retrotransposon by copy number and make up ~10% of the primate genome 
(Reviewed in Konkel et al, 2010).  
The canonical structure of an Alu element contains two monomers that are separated by 
an A-rich linker region. The left monomer contains an A and B box that are needed for 
retrotransposition to occur. The element also ends in an A-rich tail of variable length and is 
flanked on both sides by a target site duplication (TSD) (Figure 1.1). The TSD is a biproduct of 
the mechanism of insertion, target-primed reverse transcription (TPRT). While not every step of 
the process of TPRT is fully understood, it is the proposed mechanism for the insertion of L1, 
SVA, and Alu elements, with many pieces of literature covering this mechanism for their 







Figure 1.1. Structure of a full length Alu element. A full-length element will have both a left and 
right monomer, with the left monomer containing an A and B box that are crucial for 
mobilization and recognition by RNA polymerase III. There are A-rich regions in the middle of 
the element (between the left and right monomer) as well as the 3’-end of the element. Both sides 
of the Alu are flanked by a target site duplication which is variable in length (generally 2-20 
bases).  
 Alu elements are split into three major subfamilies: J, S, and Y (Batzer, et al. 1996).  
These three major subfamilies can be further subdivided based on specific diagnostic mutations 
that have accrued over time (Britten, et al. 1988; Jurka and Smith 1988; Slagel, et al. 1987; 
Willard, et al. 1987). Subfamily determination can be useful in the identification of a particular 
insertion event. Some subfamilies of elements are shared within closely related taxa, and others 
are specific to a particular species or genus (Baker, et al. 2017; McLain, et al. 2013; Steely et al. 
2018). The number of elements that have transposed within a certain species can be highly 
variable, with organisms like the orangutan displaying a low rate of Alu retrotransposition while 
others like the macaque and baboon show a much higher rate of retrotransposition (Rogers, et al. 
In preparation; Walker, et al. 2012).   
 Alu elements are responsible for a number of diseases in humans and other species 
(Bennett, et al. 2008; Callinan and Batzer 2006; Deininger 2011; Deininger and Batzer 1999), 
but they largely insert into neutral locations in the genome, having no notable effect on the host. 
These elements have also been used in a number of phylogenetic and population genetics studies 
(Batzer, et al. 1994; Hamdi, et al. 1999; Hartig, et al. 2013; Kriegs, et al. 2007; Li, et al. 2009; 
McLain, et al. 2012; Meyer, et al. 2012; Ray, et al. 2005a; Ray, et al. 2005b; Roos, et al. 2004; 




they are nearly homoplasy free, have a known polarity for their insertion, and have no known 
mechanism for their precise deletion (Ray, et al. 2006).  
Though they are nearly homoplasy free, there are some sources of homoplasy that may be 
troublesome, particularly: near parallel insertions, precise parallel insertions, incomplete lineage 
sorting, and the precise deletion of an element. To describe them briefly, near parallel insertions 
occur when a second insertion occurs near the insertion of interest. When and event like this 
takes place, polymerase chain reaction (PCR) amplification of these elements would produce 
similar gel images through electrophoresis, leading to easily misinterpreted results. Precise 
parallel insertions are similar and occur whenever a second insertion takes place at the exact 
location of the insertion of interest, leading to similar PCR results as seen with near parallel 
insertions.  Incomplete lineage sorting occurs whenever there is a large effective population size 
or an element is polymorphic in a lineage or population followed by rapid speciation. This leads 
to random fixation or loss of the insertion in the resulting lineages, again leading to results that 
do not reflect the relationships between species. Finally, the precise deletion of an element 
occurs whenever an element is precisely removed from the genome. This event has not been seen 
to occur with Alu elements as they generally leave behind some type of molecular signature 
(TSD, or a portion of the element itself). Additionally, previous results show that each of these 
events is very rare (Ray, et al. 2006).  
 Alu elements have been incredibly valuable research tools in the study of humans and a 
number of other primates. They have also been useful in the recent study of the baboon (genus 
Papio) genome, where it was found that the retrotransposition rate of Alu elements is higher in 
baboons than in any previously studied primate (Rogers, et al. In Preparation). While baboons 




given their structural and physiological similarity to humans (Cox, et al. 2013; Jolly 2001; 
Premawardhana, et al. 2001; Yeung, et al. 2016), the purpose of this dissertation is to expand 
upon the current understanding of population structure in baboons and to gain a better 
understanding of the Alu elements present in the baboon genome.  
 Though there has been variation in which baboons have been classified as species or 
subspecies, there are currently six identified species or major forms in genus Papio that span a 
wide range in sub-Saharan Africa (Rogers et al In Preparation). These six species show different 
morphological characteristics (particularly unique pelage color and differing size) and cover 
distinct, but overlapping, geographical ranges. The basic social unit for baboons are termed 
troops, or social groups, which can vary in size and composition within or between the species of 
interest. For many of the studied species, male individuals reach maturity and migrate to a new 
troop, while the females tend to remain with their natal troop (Alberts and Altmann 2001; 
Charpentier, et al. 2012). However, there are some examples of the alternative in baboons, 
specifically the hamadryas baboon, where female baboons have been observed migrating from 
their troop of origin to a new troop when they near sexual maturity (Swedell, et al. 2011). There 
have also been examples of hybridization occurring where different species of baboons overlap. 
This has been observed in natural environments with yellow and olive baboons, or between 
kinda and chacma baboons where their ranges overlap (Alberts and Altmann 2001; Jolly, et al. 
2011). Hybridization between baboon species has also been found to occur with some species 
when they are kept in captivity. This is discussed in greater detail in chapter two of this 
dissertation. 
 Chapter two in this dissertation examines the population structure present in troops of 




that show an admixed background between olive and yellow baboons. Chapter three 
characterizes the subfamily structure of AluY elements that are lineage-specific to baboon by 
using the reference genome of Papio anubis, the olive baboon, and comparing these insertions to 
the genome of Macaca mulatta, the rhesus macaque. The findings in these chapters provide 
support for the rapid expansion of AluY elements in the baboon lineage and reinforce the 
observations of baboon migratory habits. 
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Chapter Two: Alu Insertion Polymorphisms as Evidence for 
Population Structure in Baboons 
Introduction 
Baboons (genus Papio) are distributed throughout most of sub-Saharan Africa and 
southwestern Arabia. Six major forms, now generally recognized as species, have broad, 
contiguous but non-overlapping ranges, and are all interfertile, hybridizing where their ranges 
meet. The many studies that have been carried out on baboons include analyses of phylogenetic 
diversity, behavior and ecology, and they have been widely recognized as useful analogs for 
understanding human evolution, as well as in biomedical studies of disease processes such as 
cardiovascular disease and obesity (Cox et al. 2013; Jolly et al. 2011; Premawardhana et al. 
2001; Yeung et al. 2016). Numerous studies of the social behavior of wild baboons have 
documented common features, including the basic unit of social organization, a permanent social 
group (usually called a troop) that includes individuals of all ages and both sexes. Other 
important features of social behavior vary among species, one of which concerns patterns of sex-
specific dispersal. In hamadryas (Papio hamadryas) (Swedell et al. 2011) and, apparently, 
Guinea baboons (P. papio) (Fischer et al. 2017) most males are philopatric, remaining to breed in 
their troop of birth. Among olive baboons, P. anubis, yellow baboons, P. cynocephalus, and 
chacma babons, P. ursinus) nearly all males, when they reach sexual maturity, emigrate from 
their natal troop and join another, where they breed. Some males change groups more than once. 
The dispersal regime of kinda baboons (P. kindae) has yet to be reported, but anecdotal evidence 
suggests that it too is a male-dispersal species. Near-universal male dispersal is clearly a major 
                                                          
 Portions of this chapter previously appeared as Steely CJ, Walker JA, Jordan VE, Beckstrom TO, McDaniel CL, 
St. Romain CP, Bennett EC, Robichaux BN, Raveendran M, The Baboon Genome Analysis Consortium, Worley 
KC, Phillips-Conroy J, Jolly CJ, Rogers J, Konkel MK, and Batzer MA. 2017. Alu Insertion Polymorphisms as 




determinant of the genetic structure of the wider population, and thus, potentially, an influence 
on evolutionary processes such as adaptive population divergence and differentiation due to 
isolation by distance (Wright 1943).  
 The occurrence of male dispersal in baboons has been firmly established by naturalistic, 
observation-based studies. Such studies, however, are rarely able to recognize and monitor 
known, individual members of more than a single troop, or at most a cluster of neighboring 
troops. Animals are often seen joining or leaving the focal group(s), but their origin or 
destination is usually unknown. Longer-range dispersal, in particular, can rarely be documented 
by tracking known, migrant individuals, and its frequency and impact are likely to be 
underestimated.  
 Molecular genetic approaches offer an alternative approach to the problem, first, by 
documenting the population genetic structure directly from the distribution of quantifiable 
variation among social groups across the landscape, and, also, potentially identifying individuals 
whose genetic distinctiveness marks them as possible long-distance migrants. Past studies have 
attempted to retrieve broader-scale population structure in baboons by surveying the distribution 
of genetic markers. These include isozymes (Olivier et al. 1974; Rogers and Kidd 1993; Shotake 
et al. 1977), RFLPs (Newman et al. 2004), blood type antigens (Socha et al. 1977), 
microsatellites (St. George et al. 1998; Woolley-Barker 1999) and single-locus Alu insertions 
(Szmulewicz et al. 1999). Such studies are typically restricted to a few genetic loci, so that many 
individuals must to be sampled to reveal population structure. In recent years, the development 
of whole-genome, DNA-level techniques has allowed access to a much greater density of genetic 




One developing source of genetic markers are Alu insertion polymorphisms. Alu elements 
are a class of primate-specific retrotransposons, derived from 7SL RNA, that are present in high 
copy number throughout the genome (Reviewed in Deininger et al. 2003). Alu elements are fairly 
short (about 300bp), making them easy to amplify and genotype by locus specific Polymerase 
Chain Reaction (PCR) assays. They mobilize through RNA intermediates and insert new copies 
in novel locations in the genome (Reviewed in Batzer and Deininger 2002; Cordaux and Batzer 
2009; Konkel et al. 2010; Levin and Moran 2011). Alu elements are non-long terminal repeat 
(LTR), non-autonomous retrotransposons that require the proteins encoded by L1 elements to 
mobilize (Dewannieux et al. 2003). The process of Alu mobilization in primates has created a 
series of distinct subfamilies or clades of elements that share common diagnostic or subfamily 
specific mutations (Britten et al. 1988; Deininger et al. 1992; Jurka and Smith 1988; Slagel et al. 
1987; Willard et al. 1987). These subfamilies of Alu elements have dispersed throughout primate 
genomes at varying points through evolutionary time, giving rise to a varying number of 
elements per subfamily. This has led to different differing rates of Alu distribution throughout the 
Primate order (Konkel et al. 2010; Rogers et al. Submitted 2017; Walker et al. 2012). Not all 
these subfamilies are mobilization competent in the same time interval. In fact, a relatively small 
number of all Alu elements present in a genome are mobilization competent (Cordaux et al. 
2004; Deininger et al. 1992; Han et al. 2005; Konkel et al. 2010).  
Mobile elements are valuable tools for determining phylogenetic relationships among 
species and genetic structure within populations, as the ancestral state of any candidate locus is 
the absence of the element (Batzer and Deininger 2002, 1991; Ray et al. 2006). Another attribute 
of Alu elements that makes them valuable for such studies is that they are identical by descent 




have been used in a number of recent population genetic and phylogenetic studies throughout the 
primate order (Batzer et al. 1994; Hamdi et al. 1999; Hartig et al. 2013; Kriegs et al. 2007; Li et 
al. 2009; McLain et al. 2013; Meyer et al. 2012; Ray et al. 2005a; Ray et al. 2005b; Roos et al. 
2004; Salem et al. 2003; Schmitz et al. 2001; Szmulewicz et al. 1999; Witherspoon et al. 2006). 
In this pilot study, we investigate the potential for using a panel of Alu insert polymorphisms to 
retrieve the structure of natural baboon populations from comparatively small, representative 
samples of animals. This approach is made possible by the newly available, uniquely dense 
database of Alu insertion polymorphisms generated as a part of the Baboon Genome Analysis 
Consortium (Rogers et al. submitted). Along with the previously sequenced olive baboon 
(Panu_2.0, GenBank accession GCA_000264685.1), recently genomes from fifteen baboons 
have been sequenced, including multiple individuals from each of the six recognized species. 
These new data have made available a plethora of new mobile element insertion polymorphisms. 
Materials and Methods 
This study included a total of 42 yellow baboons (P. cynocephalus), 15 kinda baboons 
(Papio kindae) and three olive baboons (P. anubis). Twelve of the yellow baboons sampled were 
captive animals from the Southwest Foundation for Biomedical Research (SFBR), probably all 
descended from baboons captured in the early 1960s near Amboseli National Park, Kenya, 
(approx. 2.6o S, 37.0o E). Though the naturalistic behavior of the actual ancestors of the SFBR 
baboons was not recorded, the capture sites are very close to the Amboseli National Park, where 
baboons have been extensively studied for many years, and are well known to show near 
universal male dispersal (Alberts and Altmann 2001; Charpentier et al. 2008). Charpentier et al 
(2008), found that the average dispersal age for male yellow baboons at Amboseli was about 8 




A contributing factor to the variance in male dispersal age at Amboseli may be natural 
hybridization between olive and yellow baboons, with males that have substantial olive baboon 
ancestry tending to disperse at a younger age (Alberts and Altmann 2001).  
Natural hybridization was active in the Amboseli region when the ancestors of the SFBR 
baboons were captured (Maples and McKern 1967) and has continued sporadically since that 
time (Alberts and Altmann 2001; Charpentier et al. 2012). Hybridization between yellow and 
olive baboons is also known to have occurred in captivity at the SFBR (Ackermann et al. 2006; 
Ackermann et al. 2014). The SFBR individuals examined here were reported to be unmixed 
yellow baboons, but it was not possible to confirm this identification by examining their external 
appearance. To check for olive baboon admixture, we included in the analysis Alu data from 
three olive baboons of known Kenyan ancestry (Rogers et al., submitted). 
The remaining 30 yellow baboons were captured, sampled and released by JP-C and JR 
from a wild population living under natural conditions in Mikumi National Park, Tanzania 
(approx. 7.3o S, 37.0o E) (Rogers 1989). The yellow baboons of Mikumi, especially the Viramba 
troops, have been the subject of many studies, some spanning many years (Norton et al. 1987; 
Rhine et al. 1992; Rhine et al. 1988; Rogers and Kidd 1993; Rogers and Kidd 1996; Wasser and 
Starling 1988). These have documented aspects of ecology, social structure, and demography, 
including female philopatry and male dispersal. Previous genetic work at Mikumi has shown that 
this male pre-reproductive dispersal maintains a large effective population size, and hence high 
levels of genetic variation within troops (Rogers and Kidd 1996). The Mikumi animals sampled 
for our study belonged to seven different troops, each represented by 4 or 5 individuals. Troop 
foraging ranges were extensive and seasonally variable, so that the distances between them 




Barabara and Punk, respectively) had distinct but overlapping ranges. All three visited, and were 
captured, at the same, central, trapping site; near the Headquarters of the Animal Behavior 
Research Unit (ABRU). Troops 3 and 4 (Viramba 1 and Viramba 2) were derived from a single 
troop that had divided. Their overlapping ranges were centered about 6 km northeast of the 
ABRU Headquarters. Group 6 (Ikoya) was centered about 4 km southwest of the ABRU HQ, 
and Group 7 (Kisorobi) lived about 13 km north of it.  
Kinda baboons have been less extensively studied than other baboon species, and have 
often been classified as a subspecies of P. cynocephalus (Grubb et al. 2003; Jolly 1993). In 
recent years, however, studies based on their morphology, genetics, and behavior have 
documented their distinctiveness and led to their widespread recognition as a "major form" 
(Frost et al. 2003), and more recently a full species (Jolly et al. 2011; Rogers et al. Submitted 
2017; Weyher et al. 2014; Zinner et al. 2013).The 15 kinda baboon samples in this study were 
collected by JP-C, CJJ and JR from wild animals captured, sampled and released at Chunga, the 
northern headquarters of Kafue National Park, Zambia (15.05o S, 26.00o E). The animals were 
trapped a two different sites, about 1.5 km apart. Five came from the "Chunga School" site, and 
ten from the "Chunga Headquarters" site. Observations suggested that each of these trapping 
sites was mostly frequented by a different social group of baboons, but that the two groups had 
closely adjacent and overlapping ranges. 
 While tranquilized, all animals in the Mikumi and Chunga samples were weighed and 






Alu Ascertainment & Oligonucleotide Primer Design 
 Alu elements for this study were ascertained in two ways. In the first method, elements 
that were found in the reference genome of the olive baboon, Papio anubis (Panu_2.0) (GenBank 
accession GCA_000264685.1), were compared to the genome of the rhesus macaque (rheMac3) 
to ensure that they resulted from insertion events that occurred after the genera Macaca and 
Papio had diverged. The second method utilized Alu elements located by interrogating bam files 
(binary format used for storing sequence data) of sequences from the genomes of sequenced 
Papio individuals using an in house pipeline (Jordan et al. In preparation). Briefly, the Burrows-
Wheeler Aligner (Li and Durbin 2009) was used to align Alu consensus sequences to the reads 
located in various bam files. These locations for potentially novel insertions were compared to 
known Alu element locations in the olive baboon reference genome (Panu_2.0). The starting 
point of potential Alu insertions was then estimated. Nucleotide sequences adjacent to these 
breakpoints were extracted from the Olive baboon reference genome and aligned to the 
orthologous location of Rhesus Macaque (rheMac8), Chimpanzee (panTro4), and Human (hg19) 
genomes MUSCLE (Edgar 2004) was then used to align each of orthologous locations and a 
modified version of Primer 3 (Untergasser et al. 2012) was used to design all primers.  
Polymerase Chain Reaction 
Locus specific PCR amplification was performed under the following conditions: 15-
50ng of DNA template, 200 nM of each forward and reverse primers, 200 μM dNTPs in 1x PCR 
buffer (50 mM KCl/ 10 mM Tris-HCl), 1.5 mM MgCl2, and 1-2 units of Taq DNA polymerase; 
for a final volume per reaction of 25 μL. The conditions for the reactions were as follows: an 




annealing step at optimal annealing temperatures for each primer pair, and extension at 72°C for 
30 seconds. The reactions were terminated with a final extension step at 72°C for 2 minutes. 
PCR products were run out using gel electrophoresis on 2% agarose, which was stained with 0.2 
g/ml ethidium bromide. DNA fragments were visualized using UV-fluorescence and genotyped 
from the resulting images. The DNA panel is shown in Supplemental Table 2.3, and all baboon 
samples are shown in Supplemental Table 2.4.  
STRUCTURE Analysis 
 Analyses of population structure were performed using STRUCTURE 2.3.4 software 
(Falush et al. 2003). Genotype data were entered into an Excel spreadsheet, with “1, 1” 
indicating an insertion that is fixed present in an individual, “1, 0” indicating an insertion that is 
heterozygous in an individual, and “0, 0” indicating that an insertion is absent in an individual. 
Genotype data for all 494 polymorphic Alu insertions were uploaded into STRUCTURE and 
analyses were performed on kinda and yellow baboons separately. No information about 
geographic location, or origin of the samples was incorporated in any of these analyses. All 
analyses were performed under the admixture model, which assumes that individuals could be of 
mixed ancestry. To determine the number of population clusters (K), initial analyses were run on 
each population (all yellow baboons, only Mikumi yellow baboons, and all kinda baboons) with 
20,000 burn-in, followed by 200,000 MCMC iterations with 5 replicates for each K value. When 
the most likely value of K was determined, the procedure was repeated with 100,000 burn-in, 
followed by 1,000,000 MCMC iterations with 5 replicates of the most likely K value. These 5 
replicates were averaged to generate the final dataset, which was then graphed in Microsoft 




each of these K values was put through the second procedure of 100,000 burn-in with 1,000,000 
MCMC iterations with 5 replicates to ensure that the most likely value of K was selected.  
Principal Components Analysis 
 Genotype data for each individual were entered into an Excel spreadsheet. The data were 
uploaded into R (version 3.2.5) (R Development Core Team 2016). All missing data for each 
individual were omitted from the analysis so as to not skew results for any of the loci or 
individuals. A principal component analysis was run using the “prcomp” library and the resulting 
values were imported into Microsoft Excel, which was used to create figures 
 Where appropriate, we applied simple non-parametric tests in SPSS, treating the first 
population cluster score of each individual as a variable, to test for significant differences among 
populations.  
Results 
 Our dataset contained 494 Alu insertion polymorphisms that were genotyped on a full 
panel of 79 Papio individuals, including representatives of all 6 known species (Rogers et al., 
submitted). Of these 494 loci, 115 loci were directly ascertained from the genome of a P. 
cynocephalus individual (Mikumi 5026). 
Regional diversity in Yellow Baboons 
 Within the diversity panel of all yellow baboons, plus the three P. anubis samples, 411 of 
our 494 loci were polymorphic, and the STRUCTURE analysis revealed two distinct population 
clusters (Figure 2.1). The first cluster, shown in green, is at or nearly at 100% in the three olive 




National Park carry genomes composed almost exclusively (99.18%-99.94%) of population 
Cluster 2, shown in yellow (Figure 2.1).  
 
Figure 2.1. Population structure analysis using 494 Alu elements. Yellow individuals from 
Mikumi National Park and SFBR are included, along with 3 olive individuals. The yellow 
baboons from the SFBR show varying levels of admixture between the olive baboons and the 
yellow baboons from Mikumi. The olive baboons that were part of the analysis included the 
reference individual and 2 diversity samples, and were of Kenyan origin. 
Variation among Social Groups at Mikumi 
To elucidate the population structure of the baboons from Mikumi National Park (Table 
2.1), a second STRUCTURE analysis was carried out (Figure 2.2A; raw values in Supplemental 
Table 2.1). Of our 494 loci, 295 were polymorphic in Mikumi yellow baboons. Two distinct 
population clusters were found, with a wide range of both clusters being found throughout the 




 In a Kruskal-Wallis 1-Way Anova test, the diversity among all 7 troops failed to reach 
statistical significance (Chi-square = 11.18, D.F. = 6, p = 0.08). A similar Kruskal-Wallis 1-Way 
Anova with troops grouped by the four trapsites (ABRU HQ, Viramba, Ikoya, Kisorobi), 
however, did find statistically significant diversity among sites (Chi-Square = 11.10, D.F. = 3, p 
= 0.011), and the difference between Viramba and ABRU, the two multi-troop sites, was still 
more marked (Mann-Whitney U = 13.0, 2-tailed p = 0.002) (Figure 2.2B). There was, however, 
no significant difference between Viramba 1 and Viramba 2 (U = 10.0, p = 1.000), or among the 
troops (Nyeusi, Barabara, Punk) sampled at ABRU HQ (Chi-Square = 0.030; D.F = 2; p= 0.98) 

























1009 Female 1/Nyeusi Adult Natal 
1011 Female 1/Nyeusi Adult Natal 
1014 Female 1/Nyeusi Adult Natal 
1016 Female 1/Nyeusi Adult Natal 
2002 Female 2/Barabara Adult Natal 
2004 Male 2/Barabara Adult Migrant 
2014 Female 2/Barabara Adult Natal 
2016 Female 2/Barabara Adult  Natal 
3004 Female 3/Viramba 1 Adult Natal 
3115 Female 3/Viramba 1 Adult Natal 
3118 Male 3/Viramba 1 Subadult Natal 
3130 Female 3/Viramba 1 Juvenile Natal 
3133 Female 3/Viramba 1 Adult Natal 
4001 Female 4/Viramba 2 Adult Natal 
4003 Male 4/Viramba 2 Subadult Natal 
4004 Male 4/Viramba 2 Juvenile Natal 
4005 Male 4/Viramba 2 Adult Migrant 
5001 Male 5/Punk Adult Migrant 
5003 Male 5/Punk Adult  Migrant 
5004 Male 5/Punk Adult Migrant 
5023 Male 5/Punk Juvenile Natal 
5026 Female 5/Punk Adult Natal 
IK02 Male 6/Ikoya Subadult Natal 
IK03 Male 6/Ikoya Adult Migrant 
IK06 Male 6/Ikoya Subadult Natal 
IK07 Male 6/Ikoya Adult Migrant 
KZ07 Male 7/Kizorobi Subadult Natal 
KZ08 Male 7/Kizorobi Subadult Natal 
KZ12 Male 7/Kizorobi Adult Migrant 







Figure 2.2. A) Population structure analysis for Mikumi yellow baboons using 494 Alu 
insertions. Individuals are separated by capture site. B)  Box plot of distribution (median and 
interquartile range) of Cluster 1 scores in Mikumi animals. Results are shown for each troop, 






Of the 494 Alu elements examined in our study, 296 were polymorphic in the 15 kinda 
baboons on our panel. Further information for these individuals can be found in Table 2.2. Of 
these, 76 were ascertained from the genome of individual BZ11050, and the another 21 elements 
were ascertained from the genome of individual BZ11047. The STRUCTURE analysis found 
two population clusters with varying levels of admixture in each individual (Figure 2.3; raw 
values in Supplemental Table 2.2).  
Table 2.2. Kinda baboon demographic information. 
 
 
Kinda ID Sex Social Group Estimated age (months) wt in kg 
BZ11001 Male Chunga HQ 188 15.95 
BZ11002 Male Chunga HQ 112 16.5 
BZ11004 Male Chunga HQ 68 9.25 
BZ11005 Male Chunga HQ 205 14.2 
BZ11011 Male Chunga HQ 50 6.15 
BZ11012 Female Chunga HQ 35 4.4 
BZ11024 Female Chunga HQ 153 10.4 
BZ11030 Female Chunga HQ 92 8.4 
BZ11031 Male Chunga HQ 130 15.6 

























Figure 2.3. Alu based population structure analysis for 15 kinda baboons. There are two inferred 
population clusters, showing varying degrees of admixture. The social groups are separated by a 
black line. The percentage with which an individual identifies with a population cluster is shown 
on the Y axis. 
 
All animals trapped at Chunga HQ were assigned to population cluster 2, with variable 
amounts of cluster 1 admixture. Four of the five animals trapped at the Chunga School site were 
very similar to each other, and identified strongly with population cluster 1, with the lowest 
cluster identification of those 4 individuals being 95.2%. However, the fifth individual trapped at 
this site (BZ11047) showed 96.44% identity with cluster 2, thus closely resembling the animals 
from Chunga HQ. These relationships can also be seen in the principal component analysis 
(PCA) (Figure 2.4). PC 1 makes up 13.62% of the total variation, and PC 2 makes up 12.82% of 
the total variation. While the two social groups are generally separated, individual BZ11047, 





Figure 2.4. Principal component analysis of 494 Alu insertions in our two social groups of kinda 
baboons. With the exception of one male individual, the Chunga School social group clusters 
closely together, while the Chunga HQ social group shows slightly more variability. 
Discussion 
The SFBR yellow baboons were clearly distinguished from Mikumi animals by the 
presence, in varying amounts, of a second component, shared with olive baboons. It appears very 
likely that this component was derived by admixture with P. anubis, but more genomic analysis 
would be required to determine whether the interbreeding occurred in the wild over many 
generations of hybridization, or during the few generations of captivity at the SFBR.    
 Mikumi National Park is distant from any known, currently active baboon hybrid zone, 
likely preventing any observable levels of recent hybridization and admixture.  Delving into the 
seven different Mikumi yellow troops from which we had samples, there was a considerable 




score, and where more than one troop was sampled at a single trapping location, there was no 
significant difference in their Alu scores.  
 All nine adult males in the Mikumi sample can be presumed to be immigrants to the troop 
in which they were living when sampled, but only one (5001, in "Punk" troop 5) was flagged by 
his admixture score as an outlier from his troop (Figure 2.2B). This lack of strong genetic 
divergence among troops is not unexpected for a population in which male dispersal is the rule. 
In this situation, there may be a tendency for inter-troop divergence to occur by genetic drift, 
especially if reproductive skew among males is pronounced, but this will be offset by inter-troop 
gene flow, as every individual is the outbred offspring of parents born in different troops. 
Our results do, however, suggest some population structuring by distance at Mikumi. The 
pooled membership of troops that ranged around the ABRU HQ (Nyeusi, Barabara and Punk) 
differed strongly from those sampled at Viramba, living about 6 km away (Viramba 1 and 2 
troops). Studies of the patterns of male dispersal in baboons (Packer 1979) and other 
cercopithecine species with similar male dispersal behavior (Cheney and Seyfarth 1983) suggest 
that males may preferentially disperse to neighboring troops, and in some cases male siblings 
disperse to the same non-natal troop (Cheney and Seyfarth 1983). This may create local 
networks of troops that exchange males frequently and hence retain similar allele frequencies. 
Animal 5001, who was an outlier from his troop of residence (Punk), but resembled members of 
the Viramba groups, may exemplify unusually long-distance migration.   
The findings from the kinda baboons at Chunga appear surprisingly different. Structure 
analysis showed that most individuals clustered strongly with others trapped at the same site, 




trapped at the Chunga School site, much more closely matched the animals trapped at Chunga 
HQ, This observation was reinforced by PCA, which also showed BZ11047 falling with the 
Chunga HQ social group. BZ11047 might have previously migrated from the HQ and joined the 
School group, but it is also very possible that he was an HQ troop member visiting the School 
baiting and trapping site, where he was captured. What we find interesting and potentially 
significant, however, is that members of the two social groups at Chunga, even though their 
ranges overlapped, were very distinct in their Alu insert admixture profiles. If this finding is 
confirmed with larger samples, it suggests that kinda baboons, at least those at Chunga, differ 
from yellow, olive and chacma baboons in patterns of male dispersal. A major difference in 
nuclear genetic markers between groups with closely adjacent and overlapping ranges is contrary 
to expectation if male dispersal were nearly universal, as in most other species of the genus. It is 
also contrasts with the general similarity of Alu admixture values across the much more 
geographically scattered yellow baboon troops at Mikumi. This suggests that male Chunga 
baboons are more likely than yellow baboons at Mikumi to stay to breed within their troop of 
birth. Much more work will be needed, however, to determine whether this apparent contrast is a 
chance artifact of small samples, a peculiarity of the Chunga population, or a universal difference 
between the two baboon species in patterns of male dispersal.  
More generally, our findings illustrate the potential of multi-locus, whole genome Alu 
insert polymorphism to document population structure, even if comparatively few individuals are 
sampled from each constituent sub-population. In a context where inter-species hybridization is 
known or suspected, Alu insert polymorphisms clearly identify individuals of mixed heritage, 
and provide an estimate of the contribution of each parental population to the genome of such 




document sub-population structure, and hence help to infer patterns of dispersal. To the extent 
that local clusters of troops form genetically differentiated sub-populations, Alu insertion 
polymorphism profiles may also distinguish rare, long distance migrant individuals and suggest 
their origin -- a valuable resource for researchers in the field. Future studies on baboon 
population genetics should include more individuals from these same social groups, include new 
social groups for these two species of baboons, and study social groups from the other species of 
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Chapter Three: Analysis of Lineage-specific Alu Subfamilies in the 
Genome of the Olive Baboon, Papio anubis 
Introduction 
           Alu elements are non-autonomous, non-long terminal repeat (non-LTR) retroposons found 
in high copy numbers in the genomes of primates (Cordaux and Batzer 2009; Konkel, et al. 
2010). They consist of a left and right monomer separated by an A-rich middle linker region, 
along with an A-rich tail at the 3’ end of the element (Deininger 2011; Jurka and Zuckerkandl 
1991). These elements mobilize using proteins encoded by LINE-1 elements (L1s), via a 
retrotransposition mechanism termed Target Primed Reverse Transcription (TPRT) 
(Dewannieux, et al. 2003; Luan, et al. 1993). This mechanism allows for the creation of new 
copies of the element and for these copies to be inserted at novel locations in the genome 
(Reviewed in Batzer and Deininger 2002; Cordaux and Batzer 2009; Konkel, et al. 2010; Levin 
and Moran 2011). Alu elements are short (approximately 300 base pairs (bp)), making them 
relatively easy to amplify and genotype via polymerase chain reaction (PCR) and agarose gel 
electrophoresis. They have also been useful for phylogenetic and population genetics analyses, as 
they are nearly homoplasy free and the ancestral state of an element is known to be the absence 
of that insertion (Ray, et al. 2006). Hence, they have been used in a number of molecular studies 
over the last few decades (Batzer, et al. 1994; Hamdi, et al. 1999; Hartig, et al. 2013; Kriegs, et 
al. 2007; Li, et al. 2009; McLain, et al. 2013; Meyer, et al. 2012; Ray, et al. 2005a; Ray, et al. 
2005b; Roos, et al. 2004; Salem, et al. 2003; Schmitz, et al. 2001; Stoneking, et al. 1997; 
Watkins, et al. 2001; Watkins, et al. 2003; Witherspoon, et al. 2006).  
                                                          
 Portions of this chapter previously appeared as Steely CJ, Baker JN, Walker JA, Loupe III CD, The Baboon 
Genome Analysis Consortium, and Batzer MA. 2018. Analysis of lineage-specific Alu subfamilies in the genome of 




           Alu elements can be broken down into subfamilies based on diagnostic mutations (Britten, 
et al. 1988; Jurka and Smith 1988; Slagel, et al. 1987; Willard, et al. 1987). There are 3 major 
subfamilies of Alu elements: J, S, and Y (Batzer, et al. 1996). These major subfamilies of Alu 
elements can be further expanded based on diagnostic mutations that they have accrued over 
millions of years (Deininger, et al. 1992). Some subfamilies of elements can be shared within a 
number of closely related taxa, but other recent studies have identified elements that are unique 
to only a particular species or genus (Baker, et al. 2017; McLain, et al. 2013). This parallel 
evolution of Alu subfamilies results in each primate lineage having its own network of recently 
integrated Alu subfamilies (Konkel, et al. 2010). The recent work of the Baboon Genome 
Analysis Consortium has revealed a great deal of information about the content of the baboon 
genome, including a much higher rate of AluY mobilization than seen in other primates (Rogers, 
et al.). Previous work on Alu elements in baboons has already been informative for population 
structure, species identification, and as a polymorphic marker for hybrid individuals in the field 
(Steely, et al. 2017; Szmulewicz, et al. 1999; Walker, et al. 2017).  
Baboons (genus Papio) are found throughout sub-Saharan Africa in distinct ranges with 
slight overlap. There are six species of baboons that are part of most recent studies, including: 
yellow baboon (Papio cynocephalus), olive baboon (Papio anubis), hamadryas baboon (Papio 
hamadryas), guinea baboon (Papio papio), chacma baboon (Papio ursinus), and the kinda 
baboon (Papio kindae). These six baboons are largely differentiated based on morphological 
differences (size, pelage coloration), as well as geographic range, dispersal, and social traits 
(Charpentier, et al. 2008; Fischer, et al. 2017; Rogers, et al. ; Swedell, et al. 2011). Though they 
differ in the above ways, many of these species are also known to be interfertile, with a number 




2012; Jolly, et al. 2011; Jolly, et al. 1997; Maples and McKern 1967). Given their anatomical 
and physiological similarity to humans, baboons have been used for a number of medical studies, 
and have proven particularly valuable for cardiovascular studies (Cox, et al. 2013; 
Premawardhana, et al. 2001; Yeung, et al. 2016). In this study, due to the rapid mobilization of 
AluY elements in baboons reported in Rogers et al, and the recent utility of Alu elements for 
studies in baboons, we aimed to analyze the expansion of Alu subfamilies in the genome of the 
olive baboon, Papio anubis. 
Methods 
Ascertainment of Baboon-Specific Alu Elements 
 Loci were ascertained by first using RepeatMasker (Smit, et al. 2013-2015) on the 
reference genome of the olive baboon, Papio anubis (Panu_2.0). Alu elements were parsed out of 
the resulting RepeatMasker file. The sequence of each full length (starts at or before position 4 in 
the element and ends after position 266) AluY insertion, along with 500 bases of flanking in 5’ 
and 3’ direction of the Alu element, was compared to the rhesus macaque (rheMac8) and human 
(hg19) reference genomes using BLAT (Kent 2002). We then compared the resulting BLAT files 
for any locus that had an appropriate gap size in the genomes that would indicate an insertion 
that was only present in the genome of the olive baboon. 
COSEG Analysis & Network Figure Creation  
Our Papio specific set of Alu elements was aligned to the AluY consensus sequence 
(Jurka, et al. 2005) using cross_match (http://www.phrap.org/phredphrapconsed.html; last 
accessed December 2017). The data set was then analyzed via COSEG 
(www.repeatmasker.org/COSEGDownload.html; last accessed November 2017) to determine 




di segregating mutations were considered. Using these criteria, a set of ten or more identical 
sequences was considered an individual Alu subfamily. A network analysis of all subfamilies of 
Alu elements identified by COSEG was created by uploading the source and target subfamily 
information into Gephi (v0.9.1) (Bastian, et al. 2009).  
 
Oligonucleotide Primer Design 
 Primers were designed using an in house Python script that utilized BLAT, MUSCLE 
(v3.8.31) (Edgar 2004), and a modified version of Primer3 (Untergasser, et al. 2012). Briefly, 
target sequences acquired from the genome of the reference olive baboon and orthologous 
sequences were found in human (hg19), chimpanzee (panTro4), and rhesus macaque (rheMac8) 
using BLAT. These sequences were then aligned using MUSCLE, and potential oligonucleotide 
primer locations were identified using Primer3. Oligonucleotide primers for PCR were ordered 
from Sigma Aldrich (Woodlands, TX). A complete list of samples can be found in Supplemental 
Table 3.1, and a complete list of primers can be found in Supplemental Table 3.2. 
Polymerase Chain Reaction Assays 
We attempted to analyze at least 5 Alu insertions from each of the 9 main groups of Alu 
subfamilies in this report. PCR amplification was performed in 25 μL reactions that contained 
25-50 ng of template DNA, 200 nM of each primer, 1.5 mM MgCl2, 10x PCR buffer, 0.2 mM 
deoxyribonucleotide triphosphates and 1 unit of Taq DNA polymerase. The PCR protocol is as 
follows: 95°C for 1 minute, 32 cycles of denaturation at 94°C for 30 seconds, 30 seconds at a 
57°C annealing temperature, and extension at 72°C for 30 seconds, followed by a final extension 
step at 72°C for 2 minutes. Gel electrophoresis was performed on a 2% agarose gel containing 
0.2 μg/mL ethidium bromide for 60 minutes at 200 V. UV fluorescence was used to visualize the 




not amplify clearly were re-run using the JumpStart Taq DNA Polymerase kit from Sigma 
Aldrich. 
Nucleotide Model Selection & Tree Design 
The consensus sequence of each identified Alu subfamily was input into jModelTest-2.17 
(Darriba, et al. 2012) for analysis and to determine the best model of nucleotide evolution for the 
data set. The Akaike Information Criterion (AIC) model selected was Trn+G, which includes 
variable base frequencies with equal transversion rates, but variable transition rates. The 
Bayesian Information Criterion (BIC) selected was TrNef+G, which includes equal base 
frequencies, equal transversion rates, but variable transition rates. 
The AIC model selected by jModelTest was input into PhyML(Guindon, et al. 2010), 
which was used to create the maximum likelihood tree, and the BIC model selected by 
jModelTest was input into BEAST (v2.4.6) (Bouckaert, et al. 2014), which was used to create 
the Bayesian tree. The TreeAnnotator program in BEAST was then used to summarize the 
information from the BEAST output, and FigTree (v1.4.3) 
(http://tree.bio.ed.ac.uk/software/figtree/) was then used to visualize and create figures for both 
the maximum likelihood and Bayesian trees.  
Results 
COSEG Analysis and Alignment 
 In this study, through the use of python scripts and BLAT comparisons to the genomes of 
human and rhesus macaque, we ascertained and examined a total of 28,114 baboon-specific, full-
length Alu element insertions. We used the genome of the rhesus macaque as an outgroup for 
comparison, as the Papio lineage diverged from the macaque lineage roughly 8 million years ago 




Cross_match (see methods) was used for pairwise alignment, and these insertions were uploaded 
and analyzed by COSEG, producing 129 distinct Alu subfamilies for further investigationThese 
subfamilies were uploaded into Gephi for visualization (Figure 3.1). There are 9 major clusters 
of Alu elements (assigned a cluster number 1-9) that radiate from a single, central node 
(Subfamily 0) as shown in Figure 3.1. Our subfamilies expand in a star-burst pattern, similar to 
bush-like shaped expansions of Alu elements previously reported (Cordaux, et al. 2004). It is 
important to note that the subfamily names assigned by the COSEG output are random, and not 
numerically ordered to be indicative of the network of source and offspring elements.  
 
Figure 3.1.  Network analysis of the COSEG assigned subfamilies, with each identified 
subfamily as a single node. Related subfamilies are clustered together, are connected by lines, 
and all branch out from the central node (labeled Cluster 1, shown in purple). Line length 
between subfamilies is not indicative of number of mutations or evolutionary time between 
subfamilies. 
 
To determine if the subfamilies were novel, we aligned the consensus sequences of the 




(Jurka, et al. 2005) using MUSCLE (Figure 3.2). The resulting MUSCLE output was visualized 
in BioEdit (Hall 1999) to determine if these subfamilies were novel or had been previously 
discovered.  We found that 127 of 129 subfamilies were newly discovered in this study, with 
only two of these subfamilies that had been previously identified. Subfamily 70 aligned to the 
consensus sequence of AluY, and Subfamily 0 aligned with the consensus sequence of 
AluMacYa3, previously discovered in the genome of the rhesus macaque and reported in 
Repbase (Smit, A. F. AluMacYa3-SINE1 SINE from Macaca. Direct submission to Repbase 
Update (06-Sep-2005)). The central subfamily for Clusters 2, 3, and 4 (as numbered in Figure 
3.1) were aligned, along with the central subfamily for Cluster 7, 8, and 9 (Figure 3.2). As the 
clusters radiate outward from Cluster 1, they accrue more mutations, allowing for the 






Figure 3.2. Alignment of consensus sequence for Alu subfamilies positioned in the central node 
of radiating clusters illustrated in Figure 3.1. A. Alignment of central subfamilies from Clusters 
2, 3, and 4. This alignment shows the accumulation of diagnostic mutations that have occurred 
over time. Subfamily 41 (Cluster 3) acquired new mutations when compared to Subfamily 32 
(Cluster 2), and Subfamily 42 (Cluster 4) shares diagnostic mutations with Subfamily 41 while 
acquiring additional mutations. B. Alignment of central subfamilies from Clusters 7, 8, and 9 
showing a similar acquisition of diagnostic mutations over time. Subfamily 16 (Cluster 8) 
acquired mutations when compared to Subfamily 3 (Cluster 7), and Subfamily 17 (Cluster 9) 
continued to acquire mutations when compared to Subfamily 16.  
 
In order to confirm our computational findings, we designed oligonucleotide primers 
using an in-house Python script and analyzed 233 young (< 2% diverged from the consensus 
sequence) insertions through locus specific PCR and gel electrophoresis (Figure 3). With these 




also successfully amplified at least five insertions from each of the nine major clusters shown in 
Figure 3.1. The 14 subfamilies that were not successfully PCR validated were reviewed and we 
found that these loci were in repeat-rich genomic regions, limiting the effectiveness of these 
particular assays. Detailed information for each locus examined, as well as primer information 
















Figure 3.3.  A. Agarose gel chromatograph of a polymorphic, Papio-specific Alu insertion 
(found at chr3:168089568-168090568). Each lane of the gel is labeled at the top of the image. 
100bp DNA ladder is seen in lanes 1 and 18, and lane 2 is a TLE negative control. The filled 
(insertion present) (~590bp) site is seen only in the reference olive baboon individual (lane 4), 
and empty (insertion absent) sites (~275bp) are seen in all other individuals. B. Agarose gel 
chromatograph of a polymorphic, Papio-specific Alu insertion (found at chr4:144885392-
144886392). The empty site is found in lane 3 (HeLa, human control), lanes 7 and 8 (chacma 
baboons), lane 11 and 12 (kinda baboons), lane 14 (one yellow baboon), and lanes 16 and 17 
(gelada baboons). The filled site can be seen in lanes 4-6 (olive baboons), 9 and 10 (guinea 
baboons), lane 13 (one yellow baboon), and lane 15 (hamadryas baboon). A list of DNA samples 





 Full length Alu elements from each of the 9 clusters were identified and examined for 
divergence from the consensus sequence. We found a total of 19,888 full length elements that 
were classified by RepeatMasker to be members of novel subfamilies discovered in this study. 
12,800 (~64%) of these Alu repeats were determined to be less than 2% diverged from their 
respective consensus sequence (Table 3.1). Elements that are less than 2% diverged from their 
consensus sequence are considered to be relatively young, as they have not accrued many 
mutations since their insertion (Bennett, et al. 2008; Konkel, et al. 2015). The percentage of 
elements less than 2% diverged from their consensus sequence varies from cluster to cluster, and 
though the sample size of elements that were analyzed by PCR was modest for some of the 
clusters, the allele frequency among the individuals of genus Papio for each cluster was far from 
fixation, ranging from ~40% to ~66% (Table 3.1).    
 
Table 3.1. Number of elements, divergence data, and allele frequency within individuals of 




 jModelTest-2.17 was used to determine the best nucleotide model for creating a 
phylogenetic tree. Following the best model selected by jModelTest, we created both a Bayesian 
tree, using the BIC model chosen by jModelTest (Figure 3.4 with a high resolution PDF 




jModelTest (Supplemental Figure 3.1). Both trees were rooted using subfamily 70, which was 
found to match the consensus sequence of AluY. The maximum likelihood tree shows many 
unresolved relationships between subfamilies; however, the general grouping of subfamilies is 
similar to those observed in Figure 3.1. The Bayesian tree is more resolved and displays a 
defined branching pattern between all subfamilies. The Bayesian tree also displays subfamily 
relationships that are highly similar to the relationships determined by COSEG displayed in 
Figure 3.1. Based on the Bayesian tree and alignments, we were able to determine the relative 

















Figure 3.4. Bayesian tree created in BEAST, showing the relationship between subfamilies. The 
tree was rooted using the AluY consensus sequence (Subfamily 70). Each branch is colored 
based on the color of the cluster shown in Figure 1 that the subfamily belongs to. 
 
Discussion 
 The results of this study show an ongoing expansion of Alu elements in the Papio 
lineage, with more novel recently integrated subfamilies of Alu elements present than in any 
other previously analyzed human or non-human primate genome (Baker, et al. 2017; Carbone, et 




al. 2013; Stewart, et al. 2011; The Chimpanzee and Analysis 2005; The Marmoset Genome and 
Analysis 2014; Warren, et al. 2015). This large number of novel Alu subfamilies present in the 
lineage supports the results of the Baboon Genome Analysis Consortium, which showed that the 
baboon lineage has undergone a rapid expansion of Alu elements (Rogers, et al.).  
Of the nine clusters and 127 novel Alu subfamilies reported here, all of the elements 
(Figure 3.1) appear to be derived from subfamilies discovered in the genome of Rhesus macaque 
(Han, et al. 2007). The central subfamily of Cluster 1, which was determined to match the 
consensus sequence of AluMacYa3, seems to be the source or parent to a large number of closely 
related subfamilies. All of the members of Cluster 6 are also very closely related to AluMacYa3, 
showing only a small number of insertions or deletions near and moving into the middle A-rich 
region of the element. The central nodes of Cluster 2, 3, and 4, (subfamily 32, 41, and 42, 
respectively), as well as the surrounding, related subfamilies, all appear to be derived from Alu 
YRa1 (Han, et al. 2007). The central nodes of Clusters 7, 8, and 9 (subfamily 3, 16, and 17, 
respectively) show a similar pattern, as they are likely derived from AluYRa4 (Han, et al. 2007). 
The apparent origin of these elements is not surprising given that the Papio lineage diverged 
from the macaca lineage roughly 8 million years ago (mya) (Rogers, et al.) Interestingly, the 
subfamilies present in Cluster 5 are similar to the AluYc element present in humans, and the 
AluYRb (Han, et al. 2007) family from the genome of Rhesus macaque. Each subfamily present 
in Cluster 5 (as well as the previously known similar elements in human and rhesus) shares the 
same 12bp deletion in the left monomer of the element, showing prolonged activity and 
evolution of closely related Alu subfamilies through multiple lineages.  
 All of the elements in our study expand out from a central subfamily, subfamily 0, 




the star-like or bush-like pattern of evolution (Figure 3.1) as seen in a number of previous studies 
of Alu subfamily structure (Cordaux, et al. 2004). The expansion seen in these nine clusters 
supports the intermediate master gene model or stealth model, with multiple active elements 
leading to the expansion of new subfamilies (see Clusters 2-4, and Clusters 7-9) (Cordaux, et al. 
2004; Han, et al. 2005). The elements uncovered by this study appear to be quite young, with the 
majority of the full-length representatives of our novel subfamilies being under 2% diverged 
from their respective consensus sequences (see Table 3.1). The allele frequencies for 
polymorphic elements in each cluster also reflects this, as none of the clusters of closely related 
subfamilies appear to have reached fixation for the presence of the Alu element (Table 3.1) based 
on our small panel of Papio individuals (Supplemental Table 3.1). The rapid radiation/expansion 
of genus Papio, which occurred only ~2.5 mya, likely contributes to this lack of allele fixation, 
along with gene flow from troop migration and hybridization occurring along active hybrid 
zones (Rogers, et al. ; Steely, et al. 2017).  
 The Bayesian phylogenetic analysis (Figure 3.4) largely supports the relationships 
displayed in the network analysis of COSEG results. However, it is important to note that the 
relationships shown in the network analysis reflect what COSEG has determined to be source 
and offspring elements, not phylogenetic relationships. Discrepancies between the phylogenetic 
tree and the network analysis are likely the results of two elements showing closer sequence 
identity, even if they did not come from the same “parent” node of the network analysis.  
 The recent findings of the Baboon Genome Analysis Consortium, along with other recent 
studies of mobile elements in the baboon genome have provided a great deal of new information 
(Rogers, et al. ; Steely, et al. 2017; Walker, et al. 2017). This study found 127 novel Alu element 




Consortium (Rogers, et al.). It is important to note, however, that these elements are considered 
to be lineage-specific based on the genomic information currently available. As the number of 
sequenced primate genomes grows, and as sequencing quality continues to improve, it’s likely 
that new subfamilies may be discovered or that some of these newly reported subfamilies may be 
found in other closely related species. Future studies should attempt to determine underlying 
causes of rapid mobilization of transposable elements within the lineage. This increased 
duplication rate may extend to mobilization competent “master” elements including L1, or it may 
be caused by decreased activity of host defenses that have been shown to slow activity in humans 
(Hulme, et al. 2007; Jacobs, et al. 2014; Wolf, et al. 2015) 
Conclusions 
Overall, we identified 129 Alu subfamilies that were active in Papio baboons, with 127 of these 
insertions being baboon specific. This work reinforces that there has been extensive expansion of 
Alu elements and subfamilies within genus Papio.  
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Chapter Four: Conclusions 
The findings presented in this dissertation show the value of Alu insertion polymorphisms 
in primate comparative genomics and expand our knowledge of baboon population genetics and 
sequence evolution in baboons. Here, they were used to uncover and document population 
structure, even within small sample sizes of individuals from populations of yellow and kinda 
baboons. They also assisted in detecting hybrid individuals with yellow and olive baboon 
ancestry, even when the examined individuals showed no notable phenotypic differences. It is 
important to note that the population structure results found in this study utilize only one class of 
molecular marker and could be strengthened by using other molecular markers in these 
populations. Ideally, the use of these and other molecular markers could also be expanded to 
other populations to provide us with more information on the migratory habits and demography 
of baboons.  
Additionally, we found a rapid expansion of AluY subfamilies which supports the finding 
of a higher rate of Alu element mobilization as discovered by the Baboon Genome Analysis 
Consortium. Uncovering a greater number of these elements and subfamilies allows for a more 
comprehensive understanding of how mobile elements evolve in the genome in different primate 
lineages over time. It also facilitates the construction of a more complete library of mobile 
elements, which can be used in the examination of other genomes. For example, in this study we 
found a novel cluster of 16 subfamilies of Alu elements that are closely related to a subfamily of 
Alu elements in humans and a subfamily in macaques. These findings allow for closer 
examination of mobile elements through evolutionary history. It is important to note that for 




studied were able to be validated through PCR. This means that for our results to be accurate, we 
rely on the accuracy of sequencing technology. As the quality of genomes and sequencing 
technologies improves, the accuracy of computational studies using sequencing data will 
improve, as well.  
As we delve deeper into an age where personal genomics is commonplace, understanding 
the composition of the genome is crucial. Comparative genomics provides us with a context with 
which to understand and interpret the origin and evolution of different components of the 
genome. There is wide variation of Alu expansion and evolution through the primate lineage with 
some organisms showing very slow expansion of Alu elements, and others showing a rapid 
expansion of Alu elements. Understanding how structural variants like Alu elements evolve and 













Appendix A: Supplemental Information 
Supplemental Table 2.1 Yellow Baboon STRUCTURE Results. 
Individual Cluster 1 Cluster 2  Individual Cluster 1 Cluster 2 
27861 1 0  kz13 0.002 0.998 
L142 0.999 0.001  5003 0.0018 0.9982 
LIV5 0.999 0.001  3130 0.0016 0.9984 
1x2092 0.7146 0.2854  5026 0.001 0.999 
6968 0.6956 0.3044  1009 0.001 0.999 
1x2798 0.6836 0.3164  2004 0.001 0.999 
1x3027 0.6656 0.3344  2014 0.001 0.999 
1x1763 0.6376 0.3624  2016 0.001 0.999 
1x1786 0.5496 0.4504  3118 0.001 0.999 
8919 0.474 0.526  4001 0.001 0.999 
9656 0.4716 0.5284  4003 0.001 0.999 
9481 0.4146 0.5854  4004 0.001 0.999 
8820 0.3846 0.6154  4005 0.001 0.999 
9166 0.3236 0.6764  5004 0.001 0.999 
1x2117 0.268 0.732  ik07 0.001 0.999 
ik02 0.0082 0.9918  kz07 0.001 0.999 
ik03 0.0036 0.9964  kz12 0.001 0.999 
kz08 0.003 0.997  2002 0.0006 0.9994 
1011 0.0026 0.9974  3004 0.0006 0.9994 
1014 0.0026 0.9974  3115 0.0006 0.9994 
1016 0.0026 0.9974  3133 0.0006 0.9994 
ik06 0.0026 0.9974  5001 0.0006 0.9994 



























 Individual Cluster 1 Cluster 2 
BZ11045 0.9866 0.0134 
BZ11050 0.9688 0.0312 
BZ11033 0.9622 0.0378 
BZ11046 0.952 0.048 
BZ11047 0.0356 0.9644 
BZ11032 0.5502 0.4498 
BZ11004 0.3098 0.6902 
BZ11011 0.3016 0.6984 
BZ11031 0.1294 0.8706 
BZ11024 0.0902 0.9098 
BZ11001 0.0388 0.9612 
BZ11012 0.032 0.968 
BZ11002 0.0166 0.9834 
BZ11030 0.0164 0.9836 




Supplemental Table 2.3 DNA panel for PCR. Sample Locations: ATCC- Cell lines 
provided by the American Type Culture Collection; SFBR- Southwest Foundation for 
Biomedical Research, San Antonio, TX; Jeff Rogers- Dr. Jeff Rogers, Baylor College of 
Medicine-HGSC, Baboon Genome Project, Houston, TX; T. Disotell- Dr. Todd Disotell, New 
York University.  








1 Home sapiens Human ATCC 
HeLa 
CCL-2     
2 Papio anubis Reference Olive 
Jeff 
Rogers 27861 Captive 27861 
3 



















































































Papio ursinus Chacma baboon T. 
Disotell 18736 Wild? 18736 
16 Papio anubis Olive Baboon SFBR 1x3757 Captive 1x3757 












18 Papio anubis Olive Baboon SFBR 1x4648 Captive 1x4648 
19 Papio anubis Olive Baboon SFBR 8937 Captive 8937 
20 Papio anubis Olive Baboon SFBR 1x2576 Captive 1x2576 
21 Papio anubis Olive Baboon SFBR 8229 Captive 8229 
22 Papio anubis Olive Baboon SFBR 1x1237 Captive 1x1237 
23 Papio anubis Olive Baboon SFBR 1x4041 Captive 1x4041 
24 Papio anubis Olive Baboon SFBR 9039 Captive 9039 
25 Papio anubis Olive Baboon SFBR 1x0681 Captive 1x0681 
26 Papio anubis Olive Baboon SFBR 1x3926 Captive 1x3926 
27 Papio anubis Olive Baboon SFBR 1x3812 Captive 1x3812 
28 
Papio 
cynocephalus Yellow Baboon SFBR 6968 Captive 6968 
29 
Papio 
cynocephalus Yellow Baboon SFBR 1x1763 Captive 1x1763 
30 
Papio 
cynocephalus Yellow Baboon SFBR 1x2092 Captive 1x2092 
31 
Papio 
cynocephalus Yellow Baboon SFBR 9166 Captive 9166 
32 
Papio 
cynocephalus Yellow Baboon SFBR 1x1786 Captive 1x1786 
33 
Papio 
cynocephalus Yellow Baboon SFBR 1x3027 Captive 1x3027 
34 
Papio 
cynocephalus Yellow Baboon SFBR 9481 Captive 9481 
35 
Papio 
cynocephalus Yellow Baboon SFBR 8919 Captive 8919 
36 
Papio 
cynocephalus Yellow Baboon SFBR 9656 Captive 9656 
37 
Papio 
cynocephalus Yellow Baboon SFBR 1x2117 Captive 1x2117 
38 
Papio 
cynocephalus Yellow Baboon SFBR 1x2798 Captive 1x2798 
39 
Papio 


























































































































































































































Rogers 15983 Wild KZ13 
68 



































































































































Supplemental Table 1.4. Sample DNA panel. 
  1 2 3 4 5 6 7 8 9 10 11 12 
A TLE HeLa 1x3757 1x4637 1x1786   15991 15993 16076 15977 15978 37943 
B 27861 L142 1x4648 8937 9481   15997 15999 16079 15982 15983   
C LIV5 28697 1x2576 8229 9656   16000 16002 16169 37930 37931   
D 28755 28547 1x1237 1x4041 1x2798   16011 16013 15970 37932 37933   
E 30388 34474 9039 1x0681 1x3027   16036 16050 16078 37934 37935 37944* 
F 34472 16066 1x3926 1x3812 8919   16053 16069 16094 37936 37937   
G 16098 97124 6968 1x1763 1x2117   16071 16073 16170 37938 37939   
H 
BE 















Supplemental Table 1.5. Primer information for each locus examined via PCR. 
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Supplemental Table 3.1 DNA Panel for Alu Subfamily Analysis in Baboons 
# Species Common name Origin ID 
1 TLE Negative control n/a n/a 
2 Homo sapiens Human ATCC 
HeLa 
CCL-2 
3 Papio anubis 
Reference Olive 
baboon Jeff Rogers 27861 









































Papio hamadryas Ethiopian-wild 


















Supplemental Figure 3.2. Primer information for Baboon Alu Subfamily PCR.  
Primer 
# Forward Primer Reverse Primer PapAnu2 Location 
Subfam
# %Div 
0 CAAAGGgGAGAGCACAGAGG AGGTTCTGTAGCTCCACAGG 
chr16:7058873-
7059873 1 0.4 
1 TTgTGcAAGTCTTAGCAATGG CTAAAACAGACCCCAcGTGTC 
chr12:14203085-
14204085 2 0.7 
2 CCCCATCAGCTCTACCCAAC ATGTAGTGcGGTGTGAAGGC 
chr16:44715151-
44716151 2 0.3 
3 TCCACACCAGGGACATTCTG TGAcTTGATTTTGCCCCATTTAC 
chr3:168089568-
168090568 2 0.3 
4 AGAcAcGGTGGCAAGGTAG GCAAAGATACTGTGGGAGCC 
chr6:170108211-
170109211 3 0 
bsf1-0 TTCCACCCCtATCCCTCTTG CTACTGACgTgGAAAGATGGC 
chr12:62564043-
62565043 4 0.7 
bsf1-1 AGTTATTACCAACAGTGCTGCC CCTGTATTGCAAATGGGAGGG 
chr13:83676669-
83677669 4 0.3 
bsf1-2 TCAACAAGGTAAGAgAGCGC ATCATCTAGCTTGCACGTGG 
chr4:21043761-
21044761 4 0.7 
bsf1-3 AAcTGATCTGtCCACCTCGG gTCTGGCCTTACTGAGTCAC 
chr16:1207465-
1208465 6 0.7 
bsf1-4 TGTGTGTTGGGAGGAGGTAC GCTCTTTTCTAcTcGCCTGC 
chr5:30278965-
30279965 6 1.4 
bsf1-5 CCCTCTCTGATCCCGTTTCC GTGGCTCAGGGGtATGGTC 
chr1:24863297-
24864297 6 1.1 
bsf1-6 AATTCTGCTGCTGAAAGTGTG CGTAATCTCGGCcCACTG 
chr11:108269288-
108270288 7 0 
bsf1-7 GAGAATCGCGTCAACCCATG TGaCTAAAGACTGCACTCCAAC 
chr13:121416372-
121417372 7 0.3 
bsf1-8 cCAAATCACAGGAAAGCAATGG TCATCAAGAGCCAAgGGAAAC 
chr7:36101819-
36102819 7 0.3 
bsf1-9 AAAATATGGTCCCTgGCCTC AGAGCTATgTCCACAGCCC 
chr8:25411294-
25412294 7 0.7 
bsf1-
10 CCTTGGGCgAGTCACCTC ACTCAGCTGCATTTACTTGTTAG 
chr1:210736347-
210737347 8 1.4 
bsf1-
11 TTCAAACTCCgGGCCTCAAG TTCAAGCTgTCACcGTCCTG 
chr18:33518275-
33519275 8 1.4 
bsf1-
12 GTTGGAtGGTTTAAATCAGGCTG GGCACCATGGAGATGCAATAG 
chr9:104367623-
104368623 8 0.7 
bsf1-
13 GAAGCTCCAGATCCCATTTCC GAATATCTTGATGCcAGCACAG 
chr2:39878405-
39879405 9 0.7 
bsf1-
14 CcTAATGTTACCAGGCACCC ACTCCCTCCGACACCTTATG 
chr13:53654240-






81889718 9 0.3 
bsf1-
16 TCAGCATGTCAGAGTCTCATG ATGAGAACtCCAAGGCCCTC chr3:5854087-5855087 10 0.7 
bsf1-
17 TCCTTTGGAGAATCAGCATGC cGTTTGGCTACTCTgTCATCC 
chr5:117112747-
117113747 10 0.7 
bsf1-
18 AGTAGgGATGGGGTTTTGCC GGCGGTGAATAtGTCCTTCTC 
chr1:13357603-
13358603 11 0.7 
bsf1-
19 TgTAGTAACCGTGAGCTGGC TCCACTGCTaGTCtTCTTATCTG 
chr4:46294939-
46295939 11 0 
bsf1-
20 cGCAGGCTCCATGTCTTAAG AATAACTGAAGTAGGAGGCTGG 
chr8:97470325-













83795329 12 0.7 
bsf1-
22 ACAAGATGcACAAAGGCTGG TTCTCgTTGCCCAGTCTACC 
chr7:145720200-
145721200 12 1.8 
bsf1-
23 CTCTGCTGCATGAGGGAAC AGCAGTTTAAGAGCcGAGATG 
chr3:57559586-
57560586 13 1.8 
bsf1-
24 GGAAGGGTGGTGAAAGGGG TCCTtACTTTTCCCTCTTTGGC 
chr18:37201742-
37202742 14 1.1 
bsf1-
25 CTTGATTcACCCgTCTCAGC ACTTTGGTGGTGAGAAGAGG 
chr14:56907987-
56908987 14 0.8 
bsf1-
26 CACTGCATCcTCAaCTTCCC TcACAGACCAAGGTAGGAGG 
chr16:51202639-
51203639 15 0 
bsf1-
27 CTGGTGCAGTGCTgTATAAAC AGGGCTACTTTCAACATGGC 
chr2:108263228-
108264228 15 0 
bsf1-
28 GGTGGCCCTCTtTAtTCGTG TCTCCAAGCTCATCAAGTTGC 
chr11:86249799-
86250799 16 1.8 
bsf1-
29 TGCGTGTGATGAATGGAGAG TCCTCTTTTGATGAAAcGAGCC chr9:3526564-3527564 16 0.7 
bsf1-
30 GCTTCAAAAGGTCAGGTGTCC CAGCAGTATTTTAGTcGTTCACC 
chr4:94292603-
94293603 16 1.3 
bsf1-
31 TCTCTTCAACAGGTgCCCTC CTTTCCACTcGGcCATGATG 
chr15:86275424-
86276424 16 1.9 
bsf1-
32 GTTTtGCTCTTGATGCCCAG TAGACTTCTGGGGCCGGG 
chr12:92877165-
92878165 17 1.1 
bsf1-
33 TTCATCCAGTTTGTTGCATGG GATGGGATTTTGCcATGTTGC 
chr16:30211733-
30212733 17 0.7 
bsf1-
34 AGTAGCAGATGACATTGATCCTG TCATTGGCtGACTCCTAAACTG 
chr1:37319646-
37320646 17 1.4 
bsf1-
35 AGAAAAGCAGCTCAAATTACGAG AGGGAGACAATAtTGcGAAAGG 
chr5:152948597-
152949597 18 0.4 
bsf1-
36 CTcGGCAAGGTTATAGCCAC GCATTTTCCTAAGGGTTGCAC 
chr13:28324030-
28325030 19 1.8 
bsf1-
37 GGAGAAGGGTTATTGcTGGAG GCATTGGAGTCTGCAAATGTC chr2:4861213-4862213 19 1.9 
bsf1-
38 ATGACTATcGGGTGCTGGAG ATGGGACTTTcAAATtCTATGGC 
chr5:67518778-
67519778 19 0 
bsf1-
39 CCCGGCCTCTTCCTTTTATAATG GCTAGAGGGCTTGAAATGCC 
chr8:97800223-
97801223 19 1.1 
bsf1-
40 ACTCCCTTCAAGCCAAGACC AGCCCaATTTGTGAGCACTG 
chr11:79648546-
79649546 21 0 
bsf1-
41 aCTCaCCACCATGCCCAG TgTGGtTGCACATCACAGC 
chr13:88644478-
88645478 21 0 
bsf1-
42 GTtGTGCATGCCTGTAGTCC TGACAGgACTCCAAAGCCAG 
chr12:83735456-
83736456 22 0 
bsf1-
43 GATGAAGTCTTAGCTCTCTGACC AGGTGTAAAAGTtCAGCTAGCC 
chr3:159971303-
159972303 22 0.7 
bsf1-
44 GTCTGTACTCTcATCGGCAC CCCTTCAGcTCgTTTCTTGG chr9:4198139-4199139 23 0.7 
bsf1-
45 CCCACTCCCTAGGTCACAAG AGTTTGgGAAGTGACAGTGG 
chr16:64700714-
64701714 25 1.1 
bsf1-
46 GCAcAGTGAAAGCATGAGAAC TCAgTGGAGCCCTCTTAAGC 
chr2:138574910-
138575910 25 1.1 
bsf1-
47 CCTTGACCACATTCACGCTG TGTGAGGATAGATGGCTGCC 
chr7:156355743-









48 GTGtGTGTGCAGCTCTCATC ATGTGGGCAAGGTTACATGG 
chr4:156268507-
156269507 26 1.4 
bsf1-
49 CCTTTGATGTTTGCTGTCCC GGCCCTTTaGTTGGTTCAGG 
chr13:57771434-
57772434 27 0.7 
bsf1-
50 TCCTGgATTGCAGGCTAAGG gTACATGAGGcCAAGACAGC 
chr6:49286770-
49287770 27 0.3 
bsf1-
51 TGTGTTTGTGCTtATGTGTGC TCCTTTTATTGCCATCTGATCCC 
chr2:10916409-
10917409 27 0.7 
bsf1-
52 CATTTTAGTTgCCCCTCCCC TTTTGGTTTGGGTGCAGCAG 
chr14:19242085-
19243085 27 0.4 
bsf1-
53 TCTTCTGGATCcTCTAAGCCTG ACAATTGaTTCTCTTCCCTGCC 
chr15:78518048-
78519048 28 1.4 
bsf1-
54 CACAaGGCTTTATCAGTGATGC AATAACCCTGtTGCaTCCATTTC 
chr2:179322999-
179323999 28 1.8 
bsf1-
55 TTGAGCCACACCAAGACATG TGTGGAGTTTGTCTATGAGCAG 
chr7:56631499-
56632499 28 0.8 
bsf1-
56 CATTGTAGGaCCtTGGGCTG GACCTGGATCTgAACCCCTC 
chr14:64797663-
64798663 29 1.1 
bsf1-
57 GCCACCaCAACCAGCCTAC CAAAGAgAGCACCCACAACC 
chr1:158273942-
158274942 29 1.1 
bsf1-
58 GAAACCAAgTCAACCCAGCC GTGGTTATtGGGAAAACAGTGG 
chr3:136708437-
136709437 29 0.4 
bsf1-
59 CTCTGCTTCTcTGGGTTTGAC CAcGGTAAGTaCTTTGAGTGGTC 
chr12:89353525-
89354525 31 1.4 
bsf1-
60 TgCCCTTCCAATTCTTACACC CCAACTAATGTGTGGTTCAGC 
chr14:101365013-
101366013 31 1.8 
bsf1-
61 TACAGTGGCACCATCAAAGC TTgTGAgAATGGGGCCAGG 
chr17:1041101-
1042101 31 1.8 
bsf1-
62 CAGGGAGAAATTGACAAATGCAC GAGACTGCTTTGTGGCCAAG 
chr3:171385163-
171386163 32 1.4 
bsf1-
63 TtTTGTTGGGCAGGCATTTG AGAGTTGGCTGTTGTTGCTC chr4:6606604-6607604 32 1.4 
bsf2-0 ACAACATGCCACAAATCACTG CACACAACAGGGGCTTGTAG 
chr11:87368915-
87369915 33 0 
bsf2-1 AAGTCAGGGAAGTGGCAATG GCAAGACACCaGGTTAAAGGG 
chr4:144885392-
144886392 33 0.7 
bsf2-2 TGTCAGATgTTGTCCCTTTGG TGTGTCACaGGTCATGATCC 
chr5:131972052-
131973052 33 1.8 
bsf2-3 TGTGTGAGTTTTCTTGCCCTC AATAGTTgGGGTGCAAATGTG 
chr12:40424102-
40425102 34 0.4 
bsf2-4 TCCtCAGaACTATGGCTGGTG TGTTTTCcAGAGtCCCAAACC 
chr2:94488308-
94489308 34 0.4 
bsf2-5 GCAaCAAACACATCAAGAGCC CAtGGCAGAGGAGGTGAGAG 
chr6:168682885-
168683885 34 0.8 
bsf2-6 AGATGCTGGATGAGGGAATAAC TAACCTGCATCCTTTCCCTG 
chr9:70016008-
70017008 35 0.7 
bsf2-7 ACAGCTTAcACAGAACTGCC GAGCCCAGAAGTTCAAGACC 
chr7:17607855-
17608855 35 1.4 
bsf2-8 GGCCTGAGAGTCAAGAGAGC TTCCTCATGCCCTGCCAG 
chr14:9737808-
9738808 35 1.1 
bsf2-9 CCAGACATCTTTCAaTGCATGC AAGACAGGCCAGGCGAGG 
chr1:17127418-
17128418 36 1.4 
bsf2-
10 TGTGCCATCTCAGTTTTGGC CTTgCTAGCTgTCTCTTTCCAG 
chr14:23985560-









11 TTCTGGGTTCTGATGGTTCC TGATTACTaGAATGGCCCCTCC 
chr8:99755752-
99756752 37 1.1 
bsf2-
12 AGCTGGCTtTCCTTGTGTTG TGCCTACAgTGAAAGTTTGAGAG 
chr1:27519748-
27520748 37 0.4 
bsf2-
13 AAAgAGCCAAGCGaGTGATG AgAGGAGGACAGGTTCTTGC 
chr15:48243423-
48244423 38 1.9 
bsf2-
14 GGGCTTCATAGGATCTTGCAC GACCAAACAAGAAcCGCCTG 
chr1:216052966-
216053966 38 0 
bsf2-
15 TGCCCACCCAGAATTTGATAC AGAAGCATAATGTTAgGACCCAC 
chr2:47773986-
47774986 38 0 
bsf2-
16 TGGCAGAGGgAaGGAGAGAG AAcCAcTCACACCATCCTCC 
chr18:54593650-
54594650 39 1.8 
bsf2-
17 CCAAGCGATCTTCCAGCATC cGCAGaAGAATCCAGCCTG 
chr5:118656979-
118657979 39 1.4 
bsf2-
18 TGTTAATGTATCGTCCcGTGTG GACAACTCTGCTGGCTTTATAAG 
chr6:64863432-
64864432 39 0.7 
bsf2-
19 TTCTGGGCTCTGGGTCAAC GCAGGAGGATCACTTaAGACC 
chr19:7730162-
7731162 39 0.7 
bsf2-
20 CACAGAtCACCTACCACATGC CCCCTAGCTATGCAAAGAAGG 
chr11:43936547-
43937547 41 1.8 
bsf2-
21 AGCCGATTACCTGTGTACCC TCAGGTTTTAGCTTTCcCATGC 
chr17:11312710-
11313710 41 1.8 
bsf2-
22 GTCCCCACTATTCAGGAGGC ACCGAAGaCTgTGTATTTCCC 
chr19:47995916-
47996916 41 0.3 
bsf2-
23 GGCaTCCTTCTTCTCACCCC GACAGTGAGTGGCCTATCTG 
chr2:166399115-
166400115 42 0.8 
bsf2-
24 AATGATGGAGCCAGGCAAAC GcATCTGTAAAcTGAGAGGATTG 
chr2:69735498-
69736498 42 0 
bsf2-
25 GCATGCCATCAGAATTGCAC CCCCTTTGTACgTATCTGCC 
chr3:147180937-
147181937 42 1.1 
bsf2-
26 GCATCATCAGTTTTGcCATCC ACAACCTTAcGAGCACCTAC 
chr11:100590439-
100591439 43 1.8 
bsf2-
27 AGTGAGCTGCTaGTTGTATCAG CcGTAcCAAAGACAGGATCC 
chr14:81600657-
81601657 43 1.8 
bsf2-
28 TTtGTTTTCATTGTCcAGGTGG TGACTTCACTTGGTAGCATCTTC 
chr17:78851574-
78852574 43 1.1 
bsf2-
29 tCAAACTCCTGGGCTCAAGG ATTTGGGCACgATCTTATTTCC 
chr5:109539472-
109540472 45 1.1 
bsf2-
30 GCAAATTTGGTCTGgAGGATC AGTGGCAAGCTtTCtCACAC 
chr7:58409192-
58410192 45 1.1 
bsf2-
31 TCAGTTCTTCAGACATGGTTTCC CCgCAGCTAAGGAAGAACTC 
chr14:62736962-
62737962 46 1.1 
bsf2-
32 GTaAgGGCAGGCATTTCTAGG ACCAGGAACgCAGCTCTAC 
chr17:73532871-
73533871 46 0.7 
bsf2-
33 TGTTGTCCCTAGCCAATACTTG AAAGCAGAGCCTTGTCCTC 
chr5:123838728-
123839728 46 0.3 
bsf2-
34 CAAATGTTGCCTGTTCTtACTCC cTGGGGTATCTGTCACTTTAAGC 
chr8:131655029-
131656029 48 1.1 
bsf2-
35 GAAACCAgGGAGAGCTAACAAG tGCTCATCTCAGTcATTCAGC 
chr18:9700679-
9701679 49 1.1 
bsf2-
36 GCAGgCAGTAAAAgAGAATGG GGGTTGGGGATGTTaATGGG 
chr7:156182891-
156183891 49 1.4 
bsf2-
37 TCTGACCgTCCATTTAGTTAAGG TTTGTGtTGCTGGGTATGCC 
chr18:33988498-









38 CTTCCTGAGTCCAcGTCCC CTCATGATGATGTGTGTGACTAC chr5:7107756-7108756 50 1.8 
bsf2-
39 TGTCATTGCTCCTGTCCCTC gCTTCgGTTTTCTCTGCAAAG 
chr9:102476672-
102477672 50 0.7 
bsf2-
40 TGGGTCTGCTTTATATCCATGTC GCACCTGACTCAAGATTCTGTAC 
chr3:101067648-
101068648 50 1.4 
bsf2-
41 CCTGGAAGGTGGCGACTG AAGAAGGGAGGCTTGCTTG 
chr14:18780766-
18781766 51 1.8 
bsf2-
42 ACCCTTAAATTGAGTATGGCTGC AGGAaTGTGTGGTCTCAAGG 
chr9:102616390-
102617390 51 1.1 
bsf2-
43 AGAATTGGAAAGAACTCTACCGG AAACCACgTGACACATCTGC 
chr11:25503944-
25504944 52 1.1 
bsf2-
44 CCAACAcGGTcGTTATATTTGC TTCaCACCAACAAAcCAAAGG 
chr15:32049583-
32050583 52 1.4 
bsf2-
45 TTGGTGTCAACTGCAGAAGG TGAAATGtATCTTGGGgCATTCC 
chr12:55141557-
55142557 53 1.9 
bsf2-
46 TCTGGTTTGACTTGTTCCCC ACCCATTCTTtAGTGCTGCC 
chr17:62534325-
62535325 53 1.8 
bsf2-
47 ACCATTGGAGTAGgGAGAAAAG TCACTCACTGCTAGTCAATCAC 
chr8:30744805-
30745805 53 1.9 
bsf2-
48 CATTGGGTCAcTCTGCACAC ACCAATAACCATTCAGTTTCACC 
chr13:5498801-
5499801 54 1.1 
bsf2-
49 TCTCCCtTTCCATTGtTTGCC TGCAAcATGGTCAAGAAGGG 
chr16:37018788-
37019788 54 1.8 
bsf2-
50 CTgTGTTTGAGTGtCTTGTGC ACAGTTACCCTCAAACACTGC 
chr17:40614150-






31017858 55 1.8 
bsf2-
52 TACTGCTGTGTCCTgTCTCC ACATTCTCAAAATcAcGAGCAG 
chr8:139268604-
139269604 55 1.4 
bsf2-
53 TCcTCCTACCTCgGCCTC TCTGGATcGGACcTATGGAAG 
chr2:47748881-
47749881 55 1.4 
bsf2-
54 GTcCcGGAGAAGAGTGGAAG TCTTTCACTGCCCACATTTTG 
chr3:172531674-
172532674 56 1.8 
bsf2-
55 TGGTGCATGCCTGTAATCAC AGTAGAATGAtGGGGCGAGG 
chr3:176299254-
176300254 56 1.1 
bsf2-
56 CCTCATCAGCCATTTTCTTGTTC AGCATGTCATAGTgGAATGGAG 
chr15:33213398-
33214398 56 1.8 
bsf2-
57 TCAAGCAATCCtCCCACCTG GCCCTGCCTAATTAAGAACTAGC 
chr17:15784350-
15785350 57 1.8 
bsf2-
58 AGTTTcGACCTGGTGTTACAAC AGACCCACAGCTTgAAACTTTAG 
chr1:108149950-
108150950 57 0.7 
bsf2-
59 CCTTCCAGCTCCTTAACAGTG ATtCCTGGTATGAAAGAGGATCC 
chr15:104148550-
104149550 58 1.8 
bsf2-
60 GCTTcAGACCTCAGCATCAC TCATGAGCTGAGTTCTGTGAG 
chr11:80327957-
80328957 58 1.8 
bsf2-
61 ACATCAAGGTGCTCAGGAAATG AGTTTCATGCTGACTtAGACCAG 
chr4:15675150-






36242391 59 1.4 
bsf2-
63 TTGATCATGACCTGCCAACC GGGATAGAGAATGTGCAGTGAG chr3:8407462-8408462 59 0.3 
bsf3-0 GGcCATCTTGAATCTATGCTCC AGGCAGTGTGTCCTATGAGC 
chr2:20131314-





# Forward Primer Reverse Primer PapAnu2 Location 
Subfam
# %Div 
bsf3-1 AGtCAAATATGGGGcGAGAATG CCCAGATGTTTAACgGGCAC 
chr4:46539015-
46540015 60 1.8 
bsf3-2 TCAGGCATGATAcGAGCATC CCCCAAAATGCTGCAGAATG 
chr4:109858801-
109859801 61 1.1 
bsf3-3 CTTAGTGCAGGGCtTCCAAC TGGTGGGAtTTGCAGGAAAG 
chr4:34650781-
34651781 61 1.1 
bsf3-4 TGAGGGTGCCgTATTAGACC TTGCTCTCCTCCTTCCTGC 
chr8:20521470-
20522470 62 1.3 
bsf3-5 TTCAGTGCTCAACCTTTGCC GGAGTTAAGGAGTCAGGATTGG 
chr12:33705365-
33706365 62 1.4 
bsf3-6 CTTGCTGGTGGGGACTCTC GTGGTTTGAATGCTCCCCTC 
chr2:144724047-
144725047 62 1.8 
bsf3-7 TTCTCCTACAATGTTCcTTCCC TGTTTcTCCCAGgAACACATC 
chr2:165304838-
165305838 63 1.1 
bsf3-8 TGGTGAGGATGGTAGACTAACTC GTCCCATCAAGTTTGTTTCTGG 
chr6:90747712-
90748712 63 0 
bsf3-9 GCAGCCAGGCaTAAAACATC GACCACCCAAACACTTTCCG 
chr18:18460246-
18461246 64 1.8 
bsf3-
10 GCCAGCTaGCAGTGTATGAG GtGGCACTGGAGATCACATG 
chr9:23274387-






18723480 65 0.3 
bsf3-
12 ACAGTGGAgCCTGGTTGATC TCTAGCTGAAcAACCTTGGG 
chr4:29179066-
29180066 65 1.4 
bsf3-
13 gGAGTAGAAAGGTGGGGAGC GCACATTTCTCATCCTTGAACTG 
chr6:104092230-
104093230 65 1.8 
bsf3-
14 ACAGAAGCAGCAAAcGACAC gCTGTATATGGCAACCCTGTC 
chr16:38870792-
38871792 66 1.8 
bsf3-
15 TGGCCAGGATTGTCTTGATC TGTTGGGGTGGTAGCAGAAG 
chr1:121681907-
121682907 66 1.4 
bsf3-
16 ACgCATGGTCCtCTTGTATC TGACTTTTGTGTGGTCCTGC 
chr17:59803418-
59804418 67 1.8 
bsf3-
17 CCTgTGTCTGCTCAACCAAG GGGCATTTGGTTTaCTCCCC 
chr8:19114064-
19115064 69 0 
bsf3-
18 CAGAGAGGACATGAGTGGGG AAAAGCCAaCTAAGCAGCCC 
chr3:144119409-
144120409 69 1.8 
bsf3-
19 GGTCAAGGTCAGAGCCAAAG GAGCCCAGGAGTTTtAGACC 
chr13:110895762-
110896762 71 1.9 
bsf3-
20 ACCACCCTTCgCTGACTC TGTCtCTTACTCCTGACTTTGC 
chr5:126964041-
126965041 71 0 
bsf3-
21 GGAGGTCTTTCTAGGCAGGG CACAGCTTCACACAAAACCC 
chr1:108086491-
108087491 72 1.5 
bsf3-
22 TGGTGCACAAATGACTAAAGC TAGCtGGGCATGGTGGTG 
chr20:5865858-
5866858 72 1.2 
bsf3-
23 GCACAGaGTTCCAGTTGCTC TTTTGTTTCACCTGATCCTTCTG 
chr10:51538629-
51539629 73 1.3 
bsf3-
24 ACTGGGATATGAGGCCACTG tTGGGtCAAAGAACTCCTCG 
chr19:51254392-
51255392 73 1.5 
bsf3-
25 CTGTCgGGGTCATAGTAGGC GaCTTGCTCCAGAAGTGTGAC 
chr13:73073704-
73074704 74 0.7 
bsf3-
26 AGCTGAAGGAAAGAgTGTGC TGCTCAGAAAGGCTATGGAG 
chr1:139357667-
139358667 74 0.3 
bsf3-
27 TCCTTCCTACTGACTGGGTG AAGTGAATCAAAGCTCCAACAG 
chr7:41014781-









28 tGACTAGGCAGGTGTTGTGG AGTGGCTATGCAGGtTTACAC 
chr14:101248813-
101249813 75 0.3 
bsf3-
29 TGGGAACTTCATAGATACCAGC TGAGAGATTTTGAAGCCTGGC 
chr18:20007976-
20008976 75 0 
bsf3-
30 CATTGGAAGACACATGCTGG TGCAcATAACTCTAAATGGAAGC 
chr5:75901217-
75902217 76 1.1 
bsf3-
31 TcACTCCTCTTAGAAGCCTCC AGGCAAGTAgAGTTcCCAATG 
chr8:111941125-
111942125 76 0.7 
bsf3-
32 TGGGGTTAcAGGCACGTG TGTCTGCTTTCTACTTTGTCCAG 
chr12:89622116-
89623116 77 1.4 
bsf3-
33 TGAGCAGACAGTGACACCTG AGAACTGaCCTTGCAATTCTTG 
chr9:90530374-
90531374 77 0.7 
bsf3-
34 AATGCATCTTTGTGGGTATTTCC TGAGTGTGTCATGTCAGTGC 
chr20:51256900-
51257900 78 0 
bsf3-
35 CATGGGaAGAAAGAATGCAGC AGTACCTgTGCcTCCTTCTG 
chr4:61734942-
61735942 78 0 
bsf3-
36 AGCTGCCCcATgTGTTAAAG TGTTCAGCCAGCATCCAAAG 
chr4:41798645-
41799645 79 0 
bsf3-
37 TGTTATCCTAgTCATGGTCAGTC ACCAGGAGTGTGCATTAGAATC 
chr3:155199798-
155200798 79 0 
bsf3-
38 cTGCCAGCAATcTACCAGC TcTTGATTTTCCTTcCACTTGC 
chr1:77076292-
77077292 80 0.7 
bsf3-
39 ACATAATTCAGGGCCACAGG AgCCAGGTATGTGTTAGGGAG chr4:6007396-6008396 81 0 
bsf3-
40 CTTCAAAGCCCgTATTTCAAGAG CCATgATCCTTATTTCCCAGGC 
chr7:145721236-
145722236 81 0.4 
bsf3-
41 AAATCACCCTCTATGCCACTG GCCTTATTATATTTGGCCCAGTC 
chr18:19116669-
19117669 82 1.1 
bsf3-
42 GTGGCATACAACTTgGTACTTTC TCCAAGTGAATTATCCCAAGGC 
chr2:141109841-
141110841 82 1.2 
bsf3-
43 TGAGATTACCAGGGGACACTG gACTGATTCTAAGgTGGGGAAG 
chr11:54559602-






192981696 83 1.1 
bsf3-
45 TCCTTACAGAAACTTACAGCCAC CTAgAGCAAGACAGGGCAAAG 
chr20:46124175-
46125175 83 0 
bsf3-
46 GgGGTGGTAGGACAATCAATG GCCTTGTGATGAAATATGTCACC 
chr6:46533929-
46534929 84 0.7 
bsf3-
47 cCCTGGATCTAGAaCTTAGCTTC ACTTCCTGTtGCgTGAGTTG 
chr8:128182713-
128183713 84 0.7 
bsf3-
48 CCCTCTTCTTTTGCTGGGTTG AATCCAAGaCCAGAGGCTCC 
chr14:88922337-
88923337 84 0.4 
bsf3-
49 TCCAGACCaGCATCTTAGGC GAGTTTGAGGCTGcAGTGAG 
chr7:95677643-
95678643 85 0.3 
bsf3-
50 CCGATGTAGGACAGGTGAGG AaGAGGCAGGACATCACTCC 
chr9:116536498-
116537498 85 0.7 
bsf3-
51 CTGAGACTGCgTtACTGCAC TGAAGTTTATgCATGGgATGGC 
chr12:36296485-
36297485 87 0.7 
bsf3-
52 TGTGTTCCAGAGGATAATGTGC TCTAaGATTGTGTGTGGGAGG 
chr6:50330043-
50331043 87 0.4 
bsf3-
53 TcGGGATTACGGaCATGAGC CTCACTAaAGCCTCAGACTCC 
chr16:25014311-
25015311 88 0 
bsf3-
54 CTCCCTTGCTTGTCCCTACC AGGTATGCTGCCTCTGTAAATTC 
chr1:141390767-









55 TTACCTTGGGAcGTGCTCTG CAGCCAATCACcAACCAATG 
chr11:103393507-
103394507 89 0 
bsf3-
56 AAGCCTTCACTGAcCTCCTG CCTTGCTACCTCAGGCTTTC 
chr11:96831638-
96832638 89 0.7 
bsf3-
57 CCATCACaAGTaCCCTGCTG TGAGTGACAGAGTGAGACCC 
chr2:173218394-
173219394 89 1.4 
bsf3-
58 CAACTCCCAGCCAGACAAAC TGCTTAGcGTTTCCATCTCTG 
chr3:66182476-
66183476 90 1.4 
bsf3-
59 AGGAACGTGGCCCTCAAG CCAGATTAAAACTCGGGGCC 
chr6:153737915-






171774595 90 1.4 
bsf3-
61 tGCAACTGTATCTTCTAACCTGC CTGTGGTCAAATCAgGTGTCC 
chr2:110784043-
110785043 90 1.4 
bsf3-
62 TGTtCACCCTCCACCTGTAC AGCAGTTTAAAAcCAGGTCATTC 
chr17:90050669-
90051669 91 1.1 
bsf3-
63 AGTCTAACCTCaTCcTTTTGCC ACTGGCCTGATTGATGAACC 
chr6:152302919-
152303919 91 0 
bsf3-
64 CCACAGACCTAAATGtAGAATGC TGAGCCgTGCgATTTGTTAC 
chr7:68474131-
68475131 91 0.4 
bsf3-
65 CCTTTGTATGGGcCCTAATCTTG TTTCTTgCATACCTTTGAGAAGC 
chr12:3133134-
3134134 92 0.8 
bsf3-
66 AACTGCATgGTGTGGCTTTC CTTTCACTTAGCCAGATTCATCC 
chr15:38262819-
38263819 92 1.5 
bsf3-
67 GGAaCTCCTAGGCCTGCAG TCACCATTGAAACACAGTCCC 
chr16:18326282-
18327282 92 0 
bsf3-
68 AGGAGGCAAAACgATGTAGC GTCCCACACTTCCAACTCTC 
chr5:135507789-
135508789 92 0.4 
bsf3-
69 GCAGTGAGaCGACATCATGC GAcCCATCTCTGCCtCTCTC chr1:5001542-5002542 93 1.1 
bsf3-
70 TGCCTGGtCTGTACTCCC ACCAACAcTTTGCATTCCTAAC 
chr14:92490848-
92491848 94 0 
bsf3-
71 TCATGAGAGAGGCAGGTTGG ACAGTTCAGATTTCAGGaTTCCC 
chr2:180440077-
180441077 94 0.8 
bsf3-
72 CTAGGCAGTCTTCCAGCTTC GTTTAaGgCACATCATTTCAGCC 
chr10:80630194-
80631194 95 0 
bsf3-
73 CCAATTCTTTCCgGGTCATTC gTGAGACCTGGGGCAAAATG 
chr5:81271580-
81272580 96 1.8 
bsf3-
74 CTGGAGTAAGGATGGCAGGG CaGTCCTGGGTTTTGGTCTC 
chr10:79918528-
79919528 97 0.7 
bsf3-
75 CTCACTGtAGCCTCGACCTC GCAGCATAGCAAGACCCTG 
chr20:10173447-
10174447 97 0.7 
bsf3-
76 AATCCTCTTGCCTtGGCTTC GAGCAGATGGAAGcAAGGAG 
chr20:21197525-






75613238 98 0 
bsf3-
78 GTACCTCCCAgCACTCTCC TGTCCTGAAAGTTTGGCTGC 
chr4:11705240-
11706240 98 0 
bsf3-
79 ACGCCCAGCTAATTTTGTTG CTCATGAcAGTGgGTTCTCATG 
chr5:92848940-
92849940 98 0.3 
bsf3-
80 AGGAaTGGAGGGCACAGATG cCATTGcATCCAGGCCTG 
chr13:107297444-
107298444 99 1.4 
bsf3-
81 ACCAGGCAGTGACCtAAGTG TGCCTCAAAAGCAAAAGGGC 
chr1:152237930-









82 GCCTGGaAGCCTaGGTGAC AGCTTGGGGTTTTGTGTGTG 
chr8:135506844-
135507844 99 0.3 
bsf3-
83 TTAGTGCCATGCTGTGAAATG CCTTCTaACAAACCCAaGGAATC 
chr9:34644532-
34645532 99 1.1 
bsf3-
84 TTTCTCCCATCTcCCTTGCC CTACCTACTTTGCCcATCTCTG 
chr1:205956470-
205957470 101 0 
bsf3-
85 CAAGCCATCCACCtACCTTG CATGCCCAGCCATAACTTCC 
chr20:39795218-
39796218 101 0.3 
bsf3-
86 CAAATGCAACAGCTcACCTC aGCTGATAAGGCAAAATCCATTG 
chr2:126736103-
126737103 101 1.8 
bsf3-
87 CgGACTCCTGGCCTGAAG TGAACcCCTAAGaGAGCTGG 
chr6:133149107-
133150107 102 1.4 
bsf3-
88 GTAAGGGTGTTCTGGGGCTC CAGGCATTTGTGATTGGTTTAGG 
chr8:11300653-
11301653 102 1.4 
bsf3-
89 AGCAGGGCCATGTTCTTTATG ACTCGGCaTAATTAAAAGGGTCC chr1:9702147-9703147 103 1.8 
bsf3-
90 GCATTCATTTtCCTGCCAGC AAGGCAGAGGAgAGAGATGG 
chr4:140825820-
140826820 103 1.1 
bsf3-
91 CCATAGTCCAACAgGTTAGGC CAGCCCTGTTTTAATGcTTCTTC 
chr17:81212320-
81213320 104 0 
bsf3-
92 GCAcAAACTACTGCCTCTCAAC gCAACTCAATTTAATCgCATTCC 
chr4:135671745-
135672745 104 0.4 
bsf3-
93 TCATCCTTTCAGCTTTGGTGC TGAGGTGAGGGTTAGCTGTG 
chr13:80390503-
80391503 106 0.7 
bsf3-
94 CCAGAAACTGTGAtGGAAGCC CCACAcTGGTCAGGaCAAAG 
chr7:56132756-
56133756 106 1.5 
bsf3-
95 GAAATGTgTCTCAAGGCCCC GGTACCGAAACTaCAAAAGGGG 
chr4:148740628-






10666587 107 1.8 
bsf3-
97 TCCATTACCACATTGCCTGC GAGAAAGGAAaGAGgGGCATG 
chr17:42030033-
42031033 108 1.4 
bsf3-
98 GGTTTGGaCTGTGGGGAAAG TGcTTCTTTCTTGtCAGGACC 
chr20:3395100-
3396100 108 0.4 
bsf3-
99 ACCTgTGTGATTGAGGAGGG TGTTCCAAAAGCTTTCcGAAATG 
chr1:172962357-
172963357 108 0 
bsf3-
100 TAGTCTTCACAGCAGCCCAG TCAGCAcTAAAATACCCAACTCC 
chr14:95934457-
95935457 109 0.3 
bsf3-
101 TGGATCACTGgTGTTTGGATG ATGGCTCTCgATGTTCATTTAAG 
chr17:46736744-
46737744 109 0 
bsf3-
102 CTGAACCACTTCCTTATCCACC CATTCCTGGCCCTGTATTCAC 
chr2:127394063-
127395063 109 0.7 
bsf3-
103 ATAGaTGCCTAGTCCCTGCC AcTCTAGAGGCAcGCAAAGG 
chr6:128097805-
128098805 110 0.7 
bsf3-
104 ACCTTCTGTTCTGAGGCATAAG AAAACgATTCTtTCCCTCCTTTC 
chr20:29441317-
29442317 111 1.1 
bsf3-
105 CCCAAGGGTGTCAGAAAGTG CCACAAAACTGGCCtTCACC 
chr8:116725681-






109389949 112 0.7 
bsf3-
106 GtTCAGCCACgATGACCAC AGCCAGCCATTAAGAGGATG 
chr13:66380131-
66381131 112 1.2 
bsf3-
108 AGTGTCcATTGTGCAAACCC AGAGACATCCACTTTGCCCC 
chr4:158444764-









109 TGTTTAGTGCTACTCAgGTTCTG GAACaCTTGtAACCTCAGCTTTC 
chr20:53756899-
53757899 113 1.4 
bsf3-
110 GACACAGTCTAAGGCTGGAC GGaGGAGAAACAGGATGAGG 
chr7:102133178-
102134178 113 1.1 
bsf3-
111 GAATAAACTCCCCAcAGCACC GTGCTGAAGACACTATTCTGGG 
chr5:79286090-
79287090 114 1.4 
bsf3-
112 CCcTGAACTgTGAAAGCCTG TTCAATCAAGcTCgCTGAATG 
chr6:113917024-
113918024 114 0.4 
bsf3-
113 GACCTAAGCACCTCCCGG CCCTACAGAACACATGAGTTTTC 
chr5:78584715-
78585715 115 0.7 
bsf3-
114 TGCTCAGTAGACAGTGGGATG AGTTTCTtTGGCAGGTCAGC 
chr13:83347759-
83348759 115 0.7 
bsf3-
115 ACAAAGTATGCtGGGTAAGTCC GCTGTTAAgGTTCACTAGGCTC 
chr18:24509886-
24510886 117 0.7 
bsf3-
116 AAAACACTCCCTGCTGACTG AACcAAATGAaCTGATGAACTCG 
chr4:80225332-
80226332 117 0.4 
bsf3-
117 TGAACAATTCCTcCTGCACC tCTGTGCCCTTTGACCCTC 
chr4:24700312-
24701312 119 0.7 
bsf3-
118 CgTAGTTGAGACACATGAACCTG AGTGCTTCTTTcAAAACACAGTG 
chr17:79012329-
79013329 120 1.8 
bsf3-
119 CTGAGGGTGCAGTTTGAGG GGAACAGCCCTCACAAAGTC 
chr2:19872699-
19873699 120 1.4 
bsf3-
120 GCAATGAGTTTCCTgTTCCATTG ACAAGGGAGAgGACATGGC 
chr11:119952213-
119953213 121 0.4 
bsf3-
121 CCTAGTGTCTGgAAGTGGGG GAAGCCTATTTCAGTTCACAGTG 
chr18:25432693-
25433693 121 0 
bsf3-
122 CACTTAACCTTGCCTGCCAG GCAAGTaTAGGCTCAGGTCAG 
chr3:170638964-
170639964 121 0.7 
bsf3-
123 GGTAAATCgCAgCCTTGTAAG TGTGAACAATTGCcAGAATCATC 
chr1:82233955-
82234955 122 1.4 
bsf3-
124 CAGGGAGGTCTAGTCTGCAG TGAaCCCAGTGCTTCTTCAAC 
chr19:33551091-
33552091 123 1.4 
bsf3-
125 GGCaAGCTCcACCAACAAG CCAGGTGATGACAGAAGTGC 
chr6:143966388-
143967388 123 1.4 
bsf3-
126 CACACCCACATAaACACATGATG AATCTTAGGACAAAAGTGCCATC 
chr6:43976256-
43977256 124 1.4 
bsf3-
127 GCcCTGATTAGtGATGAGTTGG CTACCCTGcAGCTCCTCTC 
chr19:34138282-
34139282 124 1.4 
bsf3-
128 TGTGGTTAgTGaTGTGTTTGC TGAGTATGGCCTGGGAATCC 
chr13:30882507-
30883507 124 1.8 
bsf3-
129 CTCCATATACCTGCCAGCAC TGTGGTGAGCtGAGATCGTG 
chr17:26909949-






75934398 125 1.8 
bsf3-
131 CCTGCCAGCAATTAATGAGGG CATACAAcGAAAAGACCTTCCTG 
chr14:92855585-
92856585 126 0.4 
bsf3-
132 TgTCACTGTTTATGTCAtTGCTG GGGAACAtGAGTaAAAGCATCC 
chr5:61275812-
61276812 126 0.4 
bsf3-
133 CAGAGTGGTGAGCATGGAAC GGCcAACATCAACCCCAC chr8:9749643-9750643 126 0.7 
bsf3-
134 TGGATGCAgTGACCAGAATAAG GCTAGTTGAGGACCACTTGC 
chr13:98194899-
98195899 127 1.8 
bsf3-
135 CACATTCCTGCCcTGACAG GTGAtCCATGATaGTGCCACTG 
chr13:37743979-









136 AGAcGGTGACAGTTGGGATG AGCCAACTCGTATTTAGGATCC 
chr13:73741222-
73742222 125 5.7 
bsf3-
137 GGTgCACTAAAGAGAgGGTTC GGCCAGaAGTTTGAGAGCAG 
chr18:28066516-
28067516 125 5 
bsf3-
138 AGGGTCTCAtTTTATTGCACAAG TTCAGGTCAAAGAGGTCACC 
chr12:33851270-
33852270 30 5.7 
bsf3-
139 GTTTCCTGAGCCCTCCCC GCCCTACCAACTcCAGAATG 
chr13:119351145-
119352145 64 5.5 
bsf3-
140 GAATTGTGCCCTAgAGCTGTC CgCtGCACACTCATAAAATGC 
chr2:15411009-
15412009 60 5 
bsf3-
141 CACAAACCTCTTCAAGTTCTTCC GCAAGATGGGTTTGGTGGAG 
chr3:169877731-
169878731 60 5.1 
bsf3-
142 TCACGTGATACAGAATTGGAGG TTCCCACAGATCCAGAAGTTC 
chr16:42932776-
42933776 86 5.7 
bsf3-
























Supplemental Table 3.3 
Subamily Count  Subamily Count  Subamily Count  Subamily Count 
0 4239  40 25  80 30  120 38 
1 657  41 919  81 20  121 11 
2 783  42 372  82 32  122 32 
3 256  43 34  83 29  123 12 
4 182  44 354  84 109  124 27 
5 52  45 26  85 79  125 62 
6 43  46 32  86 14  126 21 
7 133  47 33  87 18  127 53 
8 89  48 82  88 16  128 17 
9 36  49 51  89 23    
10 26  50 214  90 17    
11 93  51 249  91 16    
12 62  52 182  92 69    
13 18  53 299  93 29    
14 339  54 802  94 15    
15 204  55 969  95 10    
16 1516  56 479  96 11    
17 711  57 984  97 58    
18 482  58 1038  98 39    
19 273  59 487  99 10    
20 89  60 862  100 10    
21 48  61 121  101 28    
22 61  62 16  102 23    
23 62  63 29  103 194    
24 60  64 1703  104 96    
25 45  65 129  105 45    
26 160  66 196  106 35    
27 75  67 55  107 17    
28 79  68 40  108 82    
29 149  69 744  109 10    
30 101  70 117  110 24    
31 212  71 48  111 10    
32 995  72 443  112 14    
33 102  73 21  113 35    
34 32  74 26  114 10    
35 32  75 20  115 16    
36 44  76 13  116 12    
37 32  77 635  117 12    
38 27  78 25  118 14    
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My name is Cody Steely, I'm a PhD student beginning work on my dissertation. I'm writing to ask for 
permission to use my manuscript "Alu Insertion Polymorphisms as Evidence for Population Structure 
in Baboons" (published in the September 2017 issue of Genome Biology and Evolution) in my 
dissertation. I've attempted to use the online permission form, but I cannot get permission to use both 
the print and electronic version of the full paper. If there's any form you can send me to facilitate this, 
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As part of your copyright agreement with Oxford University Press you have retained the right, after 
publication, to use all or part of the article and abstract, in the preparation of derivative works, 
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collection, provided that a full acknowledgement is made to the original publication in the journal. As 
a result, you should not require direct permission from Oxford University Press to reuse your article. 
In line with the journal self-archiving policy, you may include your Version of Record (VOR) PDF in 
your thesis/dissertation. Authors of Oxford Open articles are entitled to deposit their original 
version or the version of record in institutional and/or centrally organized repositories and can make 
this publicly available immediately upon publication, provided that the journal and OUP are 
attributed as the original place of publication and that correct citation details are given. Authors 
should also deposit the URL of their published article, in addition to the PDF version. 
 
The journal strongly encourages Oxford Open authors to deposit the version of record instead of 
the original version. This will guarantee that the definitive version is readily available to those 
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My name is Cody Steely and I'm attempting to get permission to publish my recent first authored paper 
"Analysis of lineage-specific Alu elements in the genome of the olive baboon, Papio anubis"  as a part 
of my PhD dissertation. If I can provide you with any further information or clarification on the use of 
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To: "csteely4@gmail.com" <csteely4@gmail.com> 
Dear Cody, 
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The open access articles published in BioMed Central's journals are 
made available under the Creative Commons Attribution (CC-BY) 
license, which means they are accessible online without any restrictions 
and can be re-used in any way, subject only to proper attribution 
(which, in an academic context, usually means citation).  
 
The re-use rights enshrined in our license agreement 
(http://www.biomedcentral.com/about/policies/license-agreement) include the 
right for anyone to produce printed copies themselves, without formal 
permission or payment of permission fees. As a courtesy, however, 
anyone wishing to reproduce large quantities of an open access article 
(250+) should inform the copyright holder and we suggest a 
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of articles that, while freely accessible, are not open access as outlined 
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